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that I was too late. 
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The taxonomic status of some of New Zealand’s endemic and threatened leiopelmatid frogs has 
been debated for years. I thus re-examined leiopelmatid diversity by studying the skeletal and 
external morphology of extinct and extant Leiopelma spp. to determine intra- and inter-specific 
morphological differentiation. Geographical variation in postcranial element size and shape 
within the geographically widespread extinct Leiopelma markhami and L. waitomoensis 
suggest possible extinctions of cryptic taxa, probably after human arrival in the 13th Century. 
Apart from size, there were no morphological differences between the extant taxa L. archeyi, 
L. hamiltoni and L. pakeka, but there were morphological differences between these taxa and 
L. hochstetteri. Relying on morphology and osteology alone is therefore inadequate for 
identifying species boundaries in extant taxa of Leiopelma. I thus utilised modern and ancient 
DNA from late Quaternary fossil material to examine the taxonomic diversity of Leiopelma 
spp. in more detail. Ancient DNA indicated that the extinct L. waitomoensis belongs to the clade 
comprising extant terrestrial Leiopelma spp., whereas the extinct L. markhami and L. 
auroraensis form a sister clade to the extant L. hochstetteri. Relatively distinct divergences 
within the clade representing L. auroraensis and L. markhami, and the formation of clades from 
the western, and northern South Island, supported my earlier hypothesis that there may have 
been extinctions of cryptic taxa. Several indeterminate fossils that were collected from the 
eastern and northern-most North Island were genetically identified as L. archeyi, thereby 
confirming this taxon’s pre-human distribution for the first time. Molecular results also 
suggested the synonymisation of the currently recognised extant species L. pakeka and L. 
hamiltoni. The loss of distinct haplotypes in Leiopelma frogs indicated severe, human-induced 
genetic bottlenecks. Investigations of microsatellite loci also demonstrated low genetic 
diversity among contemporary populations. Finally, given that translocations are a primary 
conservation tool used to maintain genetic diversity in threatened taxa, I utilised a spatially-
explicit individual-based, single gene model that assessed the probability of retaining alleles 
with varying release numbers. Simulations indicated that the release numbers of most 
translocations of Leiopelma frogs have been adequate to date, with releases of up to 100 frogs 
being the most preferred option to successfully establish founder populations without 
compromising the genetic representation, and demographic viability of source populations. 
Further assessments of genetic diversity, investigations of population parameters, and predicted 
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Chapter One – General Introduction 
 
Background 
Human-induced extinctions not only involve the loss of biodiversity but also the loss of 
evolutionary history and functional traits within modified landscapes (Mayfield et al. 2010; 
Campos et al. 2017). Functional diversity (FD), for instance, represents the functional variation 
among species based on morphological, physiological and ecological traits (Petchey & Gaston 
2006; Campos et al. 2017). Moreover, phylogenetic diversity (PD) is a measure that reflects the 
evolutionary history of species based on the time and mode of divergence (Schweiger et al. 
2010; Campos et al. 2017). Our understanding of the consequences of biodiversity loss can 
therefore be improved by studying the functional and phylogenetic traits of species assemblages 
(Flynn et al. 2011; Campos et al. 2017). From a conservation perspective, the risk of extinction 
may also be influencd by functional and phylogenetic traits, as well as ecological traits (Tietje 
& Rödel 2018). Obtaining information on the interactions between these traits and extinction 
risk would improve the effectiveness of conservation actions given that the allocation of limited 
resources is largely based on expert opinion rather than empirical data (Tietje & Rödel 2018).  
This uncertainty in the extinction risk of species even extends to the International Union for 
Conservation of Nature (IUCN) Red List, which is a globally recognised list of threatened 
species prioritised for protection (IUCN 2018; Tietje & Rödel 2018). Many species on the 
IUCN Red List are amphibians because of global declines and extinctions. The extent of the 
amphibian crisis, however, remains difficult to ascertain as newly discovered species are rapidly 
being described over time. Stuart et al. (2004) stated that the IUCN categorised at least 32.5 % 
of described amphibian species (approximately 5,700 at the time) as being threatened with 
extinction and at least 22.5 % were Data Deficient. These proportions estimated by the IUCN 
have not changed as the number of identified species increases (ca. 7,940, as of October 22nd 
2018; AmphibiaWeb 2018), yet the threat status of Data Deficient species is obviously 
unknown because they lack sufficient information to determine extinction risks (Bishop et al. 
2012). For that reason, even the assumption that at least 40 % of amphibian species are 
threatened with extinction (based on extrapolating the proportion of threatened species to those 
that are Data Deficient, see Bishop et al. 2012) is likely conservative. Consequently, the 
amphibian crisis is indeed becoming a catastrophe (Stuart 2012).  
One possible factor underlying amphibian declines is the loss of genetic diversity and the 
subsequent reduction in fitness to adapt to environmental change (Allentoft & O’Brien 2010). 
Translocations can be effective in retaining genetic diversity in released or supplemented 
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amphibian populations (e.g. Rowe et al. 1998) although outcomes are dependent on the 
persistence and size of the founder population. Models that simulate genetic drift under different 
scenarios have been developed to estimate optimal release numbers that retain allelic diversity 
(i.e. the number of alleles present at a given genetic locus, Jamieson et al. 2008) in the long-
term (e.g. Tracy et al. 2011), but the generally high fecundity of amphibians has led to the 
impression that such modelling is unnecessary for amphibian conservation (Jamieson & Lacy 
2012). In contrary, population models (albeit without the inclusion of genetic data) have been 
integral for the management of certain amphibian species (e.g. Leiopelma hamiltoni, see Tocher 
et al. 2006). The identification of taxonomic entities is important for conservation, as 
management actions are implemented by our ability to recognise the evolutionary significance 
and threat status of taxa (Daugherty et al. 1990; May 1990; Isaac et al. 2012). Unfortunately, 
taxonomic descriptions are complicated by the fact that species lists change for various reasons, 
including new data and preferences for certain species concepts (Isaac & Purvis 2004). Failing 
to discern distinct entities when translocating populations is of major concern as the 
hybridisation of entities can lead to loss of species integrity and individual fitness of offspring 
(i.e. outbreeding depression) (Frankham et al. 2011; IUCN/SSC 2013; Yan et al. 2018 – but 
see Frankham 2015; Ralls et al. 2018). Neglecting taxonomy can also reduce conservation 
attention and potentially lead to extinctions (Daugherty et al. 1990; Yan et al. 2018).  
Historical data, such as palaeontological records, are particularly useful to elucidate these 
concerns, especially with regards to distinguishing between natural and anthropogenic effects 
on contemporary population structure (Dietl & Flessa 2011; Tracy & Jamieson 2011; 
Groombridge et al. 2012; Rick & Lockwood 2013). Many studies have advocated for the 
inclusion of historical data in conservation programmes (e.g. Shepherd & Lambert 2008; Dietl 
& Flessa 2011; Tracy & Jamieson 2011; Rick & Lockwood 2013), including those for 
amphibians (Beebee 2005). Such advocacy has triggered the rapid development of the field 
known as ‘conservation palaeobiology’ (sensu Dietl & Flessa 2011). Other than distinguishing 
between anthropogenic and natural patterns, conservation palaeobiology can inform 
conservation biologists about the extinction risk of species. For example, Tietje & Rödel (2018) 
used a fossil-calibrated model based on 354 extinct amphibian species to predict the extinction 
risk for 1,382 contemporary amphibian species. Predicted extinction risks conformed with the 
IUCN Red List status for most amphibian species. In addition, Data Deficient amphibian 
species were predicted to have a similar extinction risk with species that are currently 
categorised as Critically Endangered. With regards to species traits, extinction risk was mostly 
influenced by the species’ geographic range size, followed by latitudinal distribution and body 
size (Tietje & Rödel 2018). However, there are some caveats to combining historical and 
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modern data. For instance, fossil deposits represent time-averaged records as fossils are 
accumulated over time. Geographic range size, for example, may be overestimated if the area 
occupied by species has shifted over time (i.e. the species tracks its habitat, e.g. Rawlence et al. 
2012). In this case, time-averaging would cause the geographic range to appear larger than it 
was at any point in the past (Tietje & Rödel 2018). Nevertheless, it is essential that conservation 
management continues to prioritise, where possible, the utilisation of fossils to mitigate further 
declines and extinctions.  
Leiopelmatid frogs 
Since human arrival in New Zealand (NZ), anthropogenic-induced habitat loss and mammalian-
predator introductions led to multiple extinctions of endemic biota that were isolated from most 
mammals for 85 million years (Bell et al. 1985). New Zealand reptiles and amphibians were 
among the first vertebrates to become extinct or rapidly decline, as evidenced by the radio-
carbon dating of fossils (Holdaway 1996). For endemic amphibians, late Quaternary fossils (ca. 
30,000 years ago to present) have revealed recent extinctions of three species of Leiopelma 
(family: Leiopelmatidae) frog species (L. auroraensis, L. markhami, and L. waitomoensis) and 
a former widespread mainland distribution for the currently recognised extant species (which 
include the semi-aquatic L. hochstetteri and terrestrial species: L. archeyi, L. hamiltoni and L. 
pakeka) (see Worthy 1987a, b; Bishop et al. 2013) (Figure 1). Leiopelma frogs now have 
fragmented or relict distributions and are considered threatened at both national (New Zealand 
Threat Classification System, Townsend et al. 2008; Newman et al. 2013) and international 
scales (IUCN 2018). Furthermore, L. archeyi ranks No. 1 in the Evolutionarily Distinct and 
Globally Endangered list for amphibians (ZSL 2018). Numerous wild-to-wild translocations 
for the three rarest species have therefore occurred. Frogs have been translocated to nearshore 
islands in the Marlborough Sounds (L. pakeka: from Te Pākeka/Maud I. to Motuara and 
Kokomohua/Long I.; L. hamiltoni: from Takapourewa/Stephens I. to Nukuwaiata), the fenced 
mainland sanctuary ‘Zealandia’ in Wellington (L. pakeka, from Te Pākeka/Maud I.), and also 
from Whareorino to Pureora Forest (L. archeyi) (Bishop et al. 2013) (Figure 1). As Leiopelma 
are long-lived (> 30 years), outcomes for many of these translocations are yet to be determined 
(Bell 1985; Bishop et al. 2013). Fortunately, preliminary results seem to be mostly positive 
(e.g. population persistence, presence of new recruits, etc.) (Tocher & Pledger 2005; Bell & 
Pledger 2010).  
Based on morphological and phylogenetic studies, Leiopelma are considered the sister taxon to 
the North American genus Ascaphus (see Roelants & Bossuyt 2005; Clarke 2007). Given their 
resemblance to ancestral forms fossilised in the Jurassic period, these sister taxa are commonly 
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considered ‘primitive’ or ‘living fossils’ in relation to all other anurans, but it is important to 
note that such terminology is misleading as these terms imply that such taxa have not evolved 
or adapted to contemporary environments. Extant species included within these families are 
indeed highly adapted to their ecological niches and, as such, they are not ‘primitive’ as taxa, 
but rather they retain plesiomorphic (i.e. ancestral) features compared to other anurans (Clarke 
2007). Some of these features in Leiopelma include the presence of nine amphicoelous 
vertebrae (compared to eight in other anurans), the presence of an epipubis, and the retention 
of ‘true ribs’ (ossified ribs that articulate with the diapophyses of the vertebrae) (Noble 1931; 
Stephenson 1951; Stephenson 1952; Worthy et al. 2013). ‘Abdominal ribs’ have also been 
highlighted as a plesiomorphic feature in Leiopelma and Ascaphus (e.g. Stephenson 1952), but 
as it turns out, there has been double use of this term, given that it has also been applied to the 
ventral cartilaginous portion of true ribs (de Vos 1938). A more correct term is ‘inscriptional 
ribs’, which specifically refers to cartilaginous strips of the ventral dermal layer (de Vos 1938; 
Figure 2). Inscriptional ribs in anurans, under this strict definition of the term, are only present 
in Leiopelma, and may have been ancestrally derived or else evolved independently within this 
genus (de Vos 1938; Clarke 2007; Worthy et al. 2013). Even so, inscriptional ribs may not 
remain cartilaginous, as they have been recorded as ossified or highly calcified in several 
mature specimens of L. pakeka, L. hochstetteri (see Stephenson 1952, 1960) and L. markhami 
(Figure 2). Ossification of these ribs appears to occur during late maturity, although they do not 
seem to ossify in Leiopelma archeyi (see Stephenson 1952, 1960).  





Figure 1. Contemporary (relict & translocated) and historical (fossil) distributions of extant and extinct 
taxa of Leiopelma frog. Only locations referred to in this thesis are labelled. The four currently 
recognised extant Leiopelma species include: L. archeyi (Archey’s frog), L. hamiltoni (Hamilton’s frog), 
L. hochstetteri (Hochstetter’s frog) and L. pakeka (Maud Island frog). Data provided by the NZ 
Department of Conservation.  





Figure 2. Inscriptional ribs of Leiopelma. On the left, in an anterior to posterior direction, the dissected 
ventral surface of L. pakeka showing the position of cartilaginous, V-shaped inscriptional ribs (photo: 
P. Bishop), and on the right, in a posterior to anterior direction, the fossil postcranial skeleton of L. 
markhami (NMNZ S.28241) showing ossified inscriptional ribs (three pairs, indicated by arrows). 
 
Taxonomy: Morphology 
Morphological data form the basis of taxonomy (MacLeod 2002). This is because descriptions 
and interpretations of morphological variation are believed to be characterised by gaps between 
taxa, enabling unique taxa to be identified and their evolutionary history hypothesised based on 
morphological change (MacLeod 2002). Morphometric analyses (i.e. the quantification of 
morphological variation) can also imply evolutionary patterns (MacLeod 2002). Importantly, it 
is necessary to understand that morphological and morphometric differences do not equate to 
diagnosability (i.e. the ability to assign individuals to specific groups) (Patten & Unitt 2002). 
Stringent criteria for the diagnosability of taxa have therefore become well established in the 
literature. The “75 % rule” (Amadon 1949), for example, is a criterion that requires 75 % of a 
population to lie outside the 99 % range of other populations for any given character(s) in order 
to distinguish subspecies (Patten & Unitt 2002). Yet our ability to classify taxa based on 
morphology is complicated by the fact that morphological variation and phylogenetic structures 
often do not conform (e.g. Ivanović et al. 2009), whereas in some cases they are highly 
congruent (e.g. Rawlence et al. 2016a). These inconsistencies may be influenced by 
environmental effects, where factors such climate and elevation obscure any phylogenetic 
signal of morphology (e.g. Ivanović et al. 2009). Another reason is sampling bias, which can 
be caused in many ways: 1) the presence of misidentification and/or misleading published 
information for reference museum specimens (Rawlence et al. 2014, 2015), 2) morphological 
variation is underrepresented because of low sample sizes, 3) morphological variation is 
overrepresented because of emphasising biologically unimportant characters (e.g. Stephenson 
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1952, but corrected by Stephenson 1960), and 4) the type of skeletal element recovered (Baker 
& Shaffer 1999).  
 
In cases where taxa are osteologically similar, like that of Leiopelma frogs (Worthy 1987b), 
size is often used as a distinguishing feature, but identification may be hindered by intra-specific 
variation (individual or sexual dimorphism) (Baker & Shaffer 1999). To mitigate the inclusion 
of taxonomic errors within data, Cicero & Johnson (2006) recommended that the distribution 
of data be examined a priori without regard to museum identification labels and geographical 
locations. That way, the establishment of boundaries for the morphological variation of taxa 
would hopefully exclude inaccurately-labelled and foreign specimens from the target group in 
which variation is being assessed (Cicero & Johnson 2006). Assessments of historical museum 
specimens for taxonomic purposes should thus be treated with the utmost caution, thereby 
ensuring that resulting data are not biased or incorrect. Encouragingly, leiopelmatid fossil 
collections are accompanied by detailed records. Moreover, previous morphological analyses 
of the genus Leiopelma support phylogenetic relationships in that the lineage of L. hochstetteri 
is the most closely related to Ascaphus out of all Leiopelma, having diverged earlier from the 
latter taxa (Stephenson 1960; Daugherty et al. 1982; Green et al. 1989; Bell et al. 1998a; 
Worthy 1987b, but see Clarke 2007).  
Leiopelmatid bones are fairly easy to identify from other animals (Figure 3A), including 
introduced Ranoidea frogs (formerly Litoria, sensu Dubois & Frétey 2016), that are also found 
in fossil deposits (Worthy 1987b). For example, femora of Leiopelma are more ‘sigmoidal’ in 
shape, proximal/distal widths greatly exceed mid shaft widths and the dorsal crest (incorrectly 
described as proximal in Worthy 1987b) is more pronounced than that observed in Ranoidea 
(Worthy 1987b). Further, humeri of Leiopelma have similarly developed epicondyles that are 
rotated at right angles from each other along the shaft axis. Humeri also generally have lateral 
ridges and an ossified humeral ball, although the presence and prominence of these features do 
vary. The radioulna, which consists of the fused radial and ulna elements, has an olecranon 
process and mostly bilobed shaft, whilst the femur is sinuous with a prominent dorsal crest. 
Like the radioulna, the tibiofibula consists of two fused elements: the tibial and fibular, which 
are of equal length. Tibiofibulae are bilobed but the fusion boundary is not apparent along the 
mid-shaft section. The tibiale and fibulare are also fused as one element, the tibiale-fibulare, 
but they are only fused proximally and distally which thus forms a large interosseous space. 
The tibiale is longer than the fibulare (Worthy 1987b). The orientation (e.g. proximal and distal) 
of postcranial elements is straightforward to determine, although orientations of postcranial 
elements have been incorrectly reported by Worthy (1987b) and Worthy et al. (2013). In 
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particular, in contrast to these studies, the femoral crest is located distally and the asymmetrical 
cross-section of the tibiofibula epiphyses is proximal.  
 
 
Figure 3. Skeletal morphology of Leiopelma: A) dorsal view of the complete skeleton, B) ventral view 
of a dissected upper jaw and skull from L. pakeka (NMNZ AM.297) (scale bar = 10 mm), and C) lingual 
view of a maxilla (posterior end at the left, anterior end at the right) from L. pakeka (NMNZ AM.300) 
(scale bar = 5 mm). 
 
Details of how to identify left or right postcranial elements, however, have not been described. 
For instance, right femora curve upwards proximally when positioned with the femoral crest 
pointing leftward. Left femora, placed in the same position, curve downwards proximally. 
Further, proximal epiphyses of right tibiofibulae are slightly raised relative to the distal end 
when positioned with the fused fibula on the left. During this study, I skeletonised several 
specimens of Leiopelma pakeka with ligaments attached so that the correct orientation of 
elements can be recorded. These specimens have been donated to the Museum of New Zealand 
Te Papa Tongarewa (NMNZ). As for cranial elements, the upper jaw bone, or maxilla (Figure 
3A–C), consists of a well-developed pars facialis, which may form a peak (known as the 
preorbital process) posterior to the nasal cavity. The pars palatina is a well ossified ridge that 
extends the length of the maxilla and sits just above the pars dentalis (i.e. the series of teeth). 




Taxonomic evaluation of conservation units is imperative to the management of threatened taxa 
(May 1990), especially given the issue of whether isolated populations should be mixed or 
retained as separate entities (Jamieson et al. 2008). Caution must therefore be paramount when 
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defining taxonomic units (Isaac et al. 2004), as past taxonomic dilemmas have risked potential 
extinctions (e.g. a presumed subspecies of tuatara, Sphenodon punctatus reischeki, see 
Daugherty et al. 1990, although subsequent work does not support the recognition of this 
subspecies, Hay et al. 2010) and mixing of genetically distinct populations (e.g. Apteryx 
mantelli [brown kiwi], see Burbidge et al. 2003; Robertson et al. 2007). However, the 
phylogeny of reptiles and amphibians in NZ are still rife with uncertainty (Hitchmough et al. 
2013; Newman et al. 2013). The genus Leiopelma is no exception. Leiopelma pakeka and L. 
hamiltoni (which are apparently morphologically indistinguishable, Bell 1994; Worthy et al. 
2013) were treated as the taxon L. hamiltoni until 1998 when L. pakeka was described (Bell et 
al. 1998a). Since then, there has been debate over their taxonomic status (Holyoake et al. 2001; 
Thurlow 2015) and, as such, L. pakeka has been categorised as taxonomically indeterminate 
(Newman et al. 2013). In addition, Fouquet et al. (2010a) identified 13 Evolutionarily 
Significant Units (ESUs) (i.e. isolated populations of evolutionary significance, Gemmell et al. 
2003) within L. hochstetteri, but there is uncertainty regarding the relationships between several 
central and northern North Island populations. Over the years, the clarification of taxonomy for 
extinct Leiopelma populations and species has also been recommended for future research (Bell 
1994; Bell et al. 1998b; Bell 2010; Bishop et al. 2013; Carr et al. 2015), but until now no 
attempts have been made.  
 
Recent advances in the use of DNA from museum specimens have been shown to be an 
effective conservation tool to define and elucidate anthropogenic effects on population genetic 
structure (e.g. Shepherd & Lambert 2008; Tracy & Jamieson 2011; Seersholm et al. 2018). 
Specifically, ancient DNA (aDNA, i.e. highly degraded DNA recovered from ancient material 
[e.g. late Quaternary fossils]) provide a critical insight into the observed patterns of 
contemporary populations. For instance, two geographically close but isolated remnant 
populations may be highly divergent. Whether these genetic distances are an artefact of 
intermediate population extinctions from a once continually distributed and genetically diverse 
single species, or whether they truly represent past speciation, would remain unknown if only 
contemporary genetics were used (Shepherd & Lambert 2008; Tracy & Jamieson 2011). So far, 
aDNA research in NZ has mainly focused on birds and marine mammals (e.g. Tracy & 
Jamieson 2011; Rawlence et al. 2016a; Salis et al. 2016; Cole & Wood 2018), but it is finally 
being applied to other animals such as fishes, bats and the herpetofauna (e.g. Cole & Wood 
2018; this study). Similarly, overseas research has generally focused on birds and mammals, 
with few studies involving amphibians (e.g. Carranza & Arnold 2004; McMenamin & Hadly 
2012; Grealy et al. 2016). The reason for the lack of ancient DNA studies on relatively small 
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vertebrates is because standard DNA extractions (i.e. drilling and powdering of bones) would 
destroy entire museum specimens. Soaking techniques to extract aDNA from the outer surface 
of bones have thus been developed (Rohland et al. 2004) and used with partial success (e.g. 
Tennyson et al. 2015). The refinement of the soaking technique, which involves dissolving the 
outer layer of the bone, would clearly be useful for relatively small taxa like Leiopelma to 
ensure that diagnostic osteological or morphological features are retained. Moreover, the 
utilisation of aDNA data from small animals such as NZ frogs will enable a better understanding 
regarding the extent of human-induced impacts on these taxa as taxonomic bias in collecting 
fossils has likely led to gross underestimates of biodiversity loss in the NZ herpetofauna.  
 
Genetic diversity 
Genetic diversity allows populations to adapt to a changing environment (Frankham et al. 
2002), thus the loss of genetic diversity can lead to extinctions in the long-term because of 
reduced fitness (i.e. decreased survival or breeding success) (Jamieson et al. 2006, 2008). Lost 
alleles can only be replaced by mutation over an extremely long time (thousands of generations) 
or by immigration, if there is connectivity with conspecific sub-populations. Allele loss is thus 
virtually irreversible for small, isolated, and threatened populations (Jamieson et al. 2006, 2008; 
Weiser et al. 2012). The loss of genetic diversity occurs by drift (i.e. the random loss of alleles 
due to stochastic events), at an intensity that is inversely propotional to the effective population 
size. Reductions in population size – whether it be via bottlenecks, founder effects or 
fragmentation – can therefore cause erosion of the gene pool (Lacy 1987; Jamieson et al. 2008). 
Although genetic drift may seem non-threatening, as natural selection generally maintains 
alleles that have adaptive value, harmful alleles that reduce fitness can become ‘fixed’ in small 
populations during genetic drift events (Lande 1999; Hedrick & Kalinowski 2000; Jamieson et 
al. 2008). Neutral (non-expressed) alleles, which may have future adaptive value, may also be 
vulnerable to loss via genetic drift (Sutton et al. 2011). Furthermore, inbreeding is breeding 
among relatives and is common for small populations that lack unrelated mates (Jamieson et al. 
2008; Keller et al. 2012). Unlike genetic drift, which alters allele frequencies, inbreeding causes 
alleles to become redistributed in the gene pool within the following generations, resulting in 
an increase in homozygosity. Consequently, there is an increased risk that deleterious recessive 
alleles are expressed as homozygotes, which reduces fitness (termed ‘inbreeding depression’) 
(Keller & Waller 2002; Jamieson et al. 2008).  
 
The impacts of genetic factors on populations operate over generations (long-term) rather than 
years (short-term) for ecological effects (Soulé & Mills 1998; Jamieson et al. 2006). However, 
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the rate of genetic impacts increases when small populations are sub-divided because effective 
population sizes are reduced even further (Wright 1931; Jehle & Arntzen 2002; Jamieson et al. 
2008). Population sub-division can be indirectly promoted by habitat fragmentation or directly 
via translocations (Jamieson et al. 2008), as isolated populations that are established following 
the release of small numbers are unlikely to represent the gene pool of the source population. 
New populations will also generally have lower genetic diversity compared to their source 
because of founder effects at release and subsequent potential genetic drift (Jamieson et al. 
2006; Tracy et al. 2011; Jamieson & Lacy 2012). Though the risk from stochastic events is 
reduced if populations are sub-divided by translocating founders to multiple locations, there 
needs to be a balance between the immediate benefits of subdivision and potential genetic 
problems in the long-term (Jamieson et al. 2008). 
 
Despite the importance of conservation genetics, genetic diversity has generally been 
overlooked in amphibian research until relatively recently (Jehle & Arntzen 2002; Allentoft & 
O’Brien 2010). Nevertheless, these studies have revealed important insights into the genetic 
diversity and heterozygosity-fitness correlations within amphibian populations. For example, 
in the review by Allentoft & O’Brien (2010), which covered 34 studies and 17 amphibian 
species, negative effects of threats such as pollution and pathogens were accentuated in 
individuals with low genetic diversity. Furthermore, Wahbe et al. (2005) indicated that 
Ascaphus truei (coastal tailed frog) individuals from populations inhabiting logged areas had 
lower genetic diversity and were more genetically related than those in unlogged forests. Rowe 
et al. (1999) recorded a positive relationship between heterozygosity and individual fitness in 
Epidalea calamita (natterjack toad, formerly Bufo calamita, see Frost et al. 2006; Frost & 
Darrel 2018), whilst Spear & Storfer (2008) and Burns et al. (2004) observed potential temporal 
lags in the effects of habitat fragmentation on the genetic structure of A. truei and Ranoidea 
aurea (green and golden bell frog, sensu Dubois & Frétey 2016), respectively. These latter 
examples are particularly important as although a reduction in fitness was not detected, long-
term genetic effects cannot be ruled out as it depends on the time since the population bottleneck 
and the severity of genetic erosion (Keller et al. 2012). Genetic diversity research on other 
amphibian species such as in the genus Leiopelma, however, has been slow to advance. Even 
though genetic management is a key priority of the Recovery Plan for Leiopelma frogs (Bishop 
et al. 2013), only Gleeson et al. (2010), Clay et al. (2010) and Lillie et al. (2015) have 
investigated genetic diversity using recently developed molecular techniques – and only for L. 
hochstetteri. Specifically, they investigated microsatellite loci (DNA markers that are 
considered more reliable measures of allelic diversity than traditional methods such as allozyme 
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electrophoresis, Jehle & Arntzen 2002). Lillie et al. (2015) additionally sequenced a major 
histocompatibility complex (MHC) class II B gene (DAB), which is part of the immune system, 
in order to assess the relationship between genetic diversity and disease susceptibility. What 
was clear from these studies, however, is the common theme that further genetic research is 
necessary for the conservation management of Leiopelma as we presently have no idea whether 
terrestrial Leiopelma spp. (L. archeyi, L. hamiltoni and L. pakeka) are experiencing genetic 
issues and how this might influence their adaptability for the future. 
 
Allele retention in source and translocated populations 
The establishment and persistence of founder populations are influenced by both the genetic 
diversity and number of colonisers (Szücs et al. 2017). Genetic diversity in founder 
(translocated) populations can be managed in multiple ways, including: 1) source individuals 
from genetically diverse populations only, 2) select release sites with large carrying capacities, 
3) release large numbers of individuals, and 4) releasing individuals into sites where population 
growth rate is expected to be high (Allendorf & Luikart 2007; Tracy et al. 2011). However, 
managers tend to only have control over the number of individuals caught and released (Tracy 
et al. 2011). The impacts release numbers have on source and translocated populations therefore 
need to be addressed (Armstrong & Seddon 2008; Tracy et al. 2011). One way to enhance 
translocation success (i.e. the establishment of viable populations, Monks 2008) is the use of 
models that predict outcomes of translocation scenarios (Chauvenet et al. 2015). Nevertheless, 
the development of models that evaluate management actions for minimising inbreeding, but 
maximising genetic diversity, is ongoing as responses to management vary among species and 
populations because of different ecological and biological factors (Miller et al. 2009b; Weiser 
et al. 2013; Weiser 2014). Furthermore, the genetic viability of reintroduced populations is 
often assessed only after population establishment (Weiser 2014), which means that 
assessments of responses to management are retrospective, rather than pre-emptive. Hence, the 
refinement of conservation techniques to optimise reintroduction success via adaptive 
management takes longer than if such assessments were performed prior to the release of target 
species. Nonetheless, obtaining post-release information does help with validating these pre-
emptive assessments (Dimond & Armstrong 2007; Chauvenet et al. 2015).  
 
Determining responses to management becomes particularly difficult if the target species is 
long-lived, does not breed every year, and exhibits cryptic behaviour (Miller et al. 2009b). 
These cases are challenging for two main reasons: 1) obtaining information of population and 
life history traits can be difficult, and 2) population responses to management may take years, 
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even decades, to observe. Nonetheless, predicting the loss of allelic diversity is still challenging 
even if the target species is not cryptic or long-lived (Weiser 2014). Considering that the chance 
of retaining any given allele over multiple generations within a population is based on 
cumulative probabilities (e.g. survival rates, reproductive success, inheritance, etc.), calculating 
the loss of allelic diversity beyond the first generation is problematic (Allendorf 1986; Weiser 
2014). Predictions of allele retention therefore require the use of probability-based individual 
models that perform simulations involving stochasticity (Tracy et al. 2011; Weiser et al. 2012). 
Identifying assumptions and parameters for such models needs to be evidence-based to make 
predictions as representative as possible to the populations under consideration. For example, 
one main assumption is that the loss of observed heterozygosity is always greater than expected 
heterozygosity given that not all individuals breed (and therefore do not genetically contribute 
to the next generation), and that biases in reproductive success and/or sex ratio may be present 
(Allendorf & Luikart 2007). Bias in these parameters of reproductive behaviour and social 
systems inherently acts as a genetic bottleneck which determines the rate of genetic diversity 
loss (Allendorf 1986; Jehle & Arntzen 2002; Lambert et al. 2005; Miller et al. 2009b). In 
addition, population growth rates and eventual carrying capacity are dependent on the amount 
of habitat available (Lambert et al. 2005; Taylor & Jamieson 2008), hence model parameters 
need to be tailored accordingly to account for variance in the demography and spatial 
distribution of source and potential founder populations. 
 
In isolation from demographic patterns, the effects that the proportion of each unique allele (i.e. 
allele frequency q) and the total number of unique alleles present at a locus (i.e. allelic diversity 
A) have on retaining genetic diversity are easier to infer. For instance, the ability of a population 
to retain alleles reduces as allelic diversity increases (Allendorf 1986). In other words, the more 
unique alleles there are, the more there are to lose. This relationship has been observed in a 
long-lived reptile, Sphenodon punctatus (tuatara), where the average allelic diversity of 
populations on Takapourewa/Stephens I. and North Brother I. (Cook Strait, NZ) were 14.4 and 
2.3, respectively (Miller et al. 2009b). Founder individuals from Takapourewa/Stephens I. were 
predicted to retain 70.9 % of the allelic diversity of the source population, whereas the same 
number of founders from North Brother I. were predicted to retain 99.2 % (Miller et al. 2009b). 
In contrary, allele frequency has an inverse relationship as rare alleles (i.e. unique alleles that 
have low frequency) are more likely to become lost than those that are common (Allendorf 
1986). As such, small populations often have low allelic diversity and retain only common 
alleles, which is why such populations experience minimised genetic erosion (Taylor & 
Jamieson 2008). 




The performance of predictive models depends on relatively complete, long-term data that 
preferably encompass the time-period immediately after release (Armstrong & Ewen 2002; 
Armstrong & Davidson 2006). Fortunately for the conservation of Leiopelma spp., long-term 
data (≥ 10 years) are available for most recognised species (Tocher et al. 2006; Bell 2010; Bell 
& Bishop 2018; DOC, unpublished data). Nevertheless, only Tocher et al. (2006) has estimated 
optimal release numbers for a Leiopelma species whilst considering the long-term effect that a 
translocation would have on the source population. Specifically, they used a density-dependent, 
stage-structured model (Caswell 2001) which predicted that sourcing 40 sub-adult and 40 adult 
L. hamiltoni (with a 50/50 sex ratio) provided a balance between extinction risk and probability 
of success for the source and translocated populations, respectively. Maximising the retention 
of remaining alleles that cannot otherwise be restored in small, isolated populations, is critical 
for this balance, but allele retention was not the focus of their study. This lack of predicting 
genetic outcomes is rather surprising, especially given the repeated harvesting of L. pakeka, 
where approximately 1000 individuals have been removed from Te Hoiere/Maud I. (a.k.a. Te 
Pākeka) during wild-to-wild translocations since the 1980s (Bell & Bishop 2018). With an 
average population size estimate of approximately 35,000 individuals (Le Roux & Bell 2007), 
the harvesting impact may be considered minimal, but to provide such a population estimate is 
challenging and is therefore associated with high uncertainty (range = 28,000–43,000 
individuals) (Le Roux 2008). The most recent survey of L. pakeka estimated even greater 
uncertainty with 26,000–52,000 individuals (Bell 2016). As for recommended release numbers, 
Germano & Bishop (2009) indicated that herpetofaunal translocations that involved releases of 
over 1000 individuals were the most successful. Despite this, translocations of Leiopelma frogs, 
even with few founders (range = 12–300), have had varying levels of success (Brown 1994; 
Bell et al. 2004a; Tocher & Pledger 2005; Bell & Pledger 2010; Bishop et al. 2013; Karst 2013). 
Translocation success is thus influenced by multiple factors, such as dispersal and the presence 
or quality of habitat at the release site, rather than just release numbers (Armstrong & Seddon 
2008). Modelling such scenarios would provide an indication as to how these other key drivers 
influence translocation outcomes. 
 
There are multiple methods that can be used to predict allele retention and population 
persistence, but each has pros and cons. For instance, ‘Vortex’ (Lacy & Pollak 2014) is 
primarily used in population viability analyses, but it is limited to only modelling allele 
retention in the founder population, not the source. Simulation of management options is 
apparently also limited (Weiser et al. 2012). Another model that simulates allele retention is 
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‘AlleleRetain’, developed by Weiser et al. (2012) for use in the statistical programme, R (R 
Development Core Team 2013). ‘AlleleRetain’ is not intended for population viability analyses, 
thus it does not include random variation such as environmental stochasticity as this would 
make the outcomes of different management options more difficult to interpret (Weiser et al. 
2012). Nevertheless, a method that is yet to be developed is one that assesses allele retention in 
both the source and translocated populations simultaneously while incorporating differences 
between them (e.g. the presence of competitive release in newly founded populations). 
Managers can thereby predict optimal release numbers that maximise the long-term viability of 
founder populations without jeopardising source populations. Overall, translocations provide a 
key component of Leiopelma frog conservation; thus it is necessary to evaluate possible impacts 
on allelic diversity in order to guide future translocation management. 
 
Aims and objectives 
The key issues that my thesis addresses are four main actions highlighted in the Native Frog 
Recovery Plan 2013–2018 (Bishop et al. 2013): 1) complete the taxonomy of the entire 
Leiopelma genus, 2) identify frog populations that require priority for management, 3) assess 
the genetic diversity of translocated, small, or isolated populations, and 4) develop population 
models to determine the long-term viability of translocated, small, or isolated populations. The 
aims of my research focus on conservation palaeobiology and genetics, and are outlined in the 
following questions/chapters:  
 
Chapter Two: What morphological differences are there in Leiopelma taxa?  
The aim of Chapter Two is to assess the morphological variation present in identified 
fossil and modern skeletal specimens to determine whether taxa can be distinguished 
via size and osteological comparisons. I also assess phenotypic differentiation using 
external morphometrics of individuals from contemporary populations. The findings 
from this chapter form the hypotheses proposed for the phylogenetic study reported in 
Chapter Three.  
 
Chapter Three: What is the phylogeny within Leiopelma? 
For this aim, I use a combination of modern and ancient DNA to identify phylogenetic 
relationships and pre-human distribution to re-evaluate the taxonomy and 
phylogeography of Leiopelma.  
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Chapter Four: What is the genetic diversity within Leiopelma populations? 
In Chapter Four, I aim to assess the genetic diversity of priority Leiopelma populations 
(natural and translocated) using nuclear DNA microsatellites that I developed and those 
from previously published studies.  
 
Chapter Five: How many individuals are required for release to ensure the 
viability of source and founder populations? 
In Chapter Five, I investigate the number of individuals required for release that 
maximises allele retention and population persistence in source and founder 
populations. To do this, I model genetic drift and habitat effects on the ability of both 
populations to retain alleles and remain demographically viable whilst varying release 
numbers.  
 
Chapter Six: What are the recommendations for the future management of 
Leiopelma? 
An integration of all data chapters is presented in Chapter Six, where I outline my 
recommendations on how to proceed with the management of Leiopelma based on the 
knowledge derived from this thesis. 
 
One chapter has been published (Chapter Two). Three further intended publications are in 
preparation (Chapters Three and Five) or in review (Chapter Four). The contribution of co-
authors are as follows: PJ Bishop, BC Robertson and PA Whigham supervised the thesis, while 
AJD Tennyson, RP Scofield, NJ Rawlence, TH Worthy, TM King, BD Bell and KJM Dickinson 
provided comments on the manuscripts. Technical advice was provided by CJ Easton, TM 
King, NJ Rawlence and MAE Milner-Jones. In addition, PA Whigham developed spatially-
explicit individual-based modelling code that was used in Chapter Five. Manuscripts or 
abstracts derived from this thesis are presented in the Appendices (Appendix One, Seven–Nine). 
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Chapter Two – An assessment of External and Skeletal Morphology 
Reveals Possible Extinctions in Cryptic Leiopelma Frogs 
 
Introduction 
Diversification of New Zealand’s (NZ) endemic biota has been driven by isolation, dynamic 
tectonic activity, and climatic shifts for millions of years. Contrary to the expectation that 
evolutionarily ‘ancient’ lineages should be more taxon-rich than ‘recent’ lineages, given their 
longer evolutionary trajectory, extant Gondwanan vertebrate taxa in NZ are not speciose 
(Daugherty et al. 1994; Tennyson 2010). Despite such low contemporary taxonomic diversity, 
potential cryptic species diversity within NZ endemic ‘ancient’ vertebrate lineages such as those 
of Mystacinidae (short-tailed bats), Sphenodontidae (tuatara) and Leiopelmatidae (frogs) has 
challenged researchers (Daugherty et al. 1990; Bell et al. 1998a; Kennedy et al. 1999; Holyoake 
et al. 2001; Hay et al. 2003, 2010). Taxonomic uncertainties have major implications for the 
conservation management of ‘ancient’ reptiles and amphibians due to the risk of extinction of 
cryptic taxa (e.g. Daugherty et al. 1990). Although Hay et al. (2010) concluded that tuatara 
should be considered as one taxon, taxonomic uncertainties persist in other ‘ancient’ genera 
such as Leiopelma (see Bell 2010; Bishop et al. 2013; Newman et al. 2013). 
 
To date, three extinct Leiopelma spp. have been described from Holocene fossil material (the 
terrestrial L. auroraensis Worthy, 1987 and L. markhami Worthy, 1987, and the semi-aquatic 
L. waitomoensis Worthy, 1987), along with three widely accepted extant taxa (the two terrestrial 
taxa: L. archeyi Turbott, 1942 and L. hamiltoni McCulloch, 1919, and the semi-aquatic L. 
hochstetteri Fitzinger, 1861). The validity of a fourth extant taxon (L. pakeka, Bell et al. 1998) 
is debated (Holyoake et al. 2001; Thurlow 2015). The palaeoecology and osteology of 
Leiopelma were described by Worthy (1987a, b). However, a relatively large proportion of 
fossils (i.e. postcranial elements) were considered taxonomically indeterminate as postcranial 
bones differ primarily in size, not morphology (Worthy 1987b). Cranial elements (e.g. maxillae) 
show more prominent structural differences (Worthy 1987b) and may be used to distinguish 
between most Leiopelma taxa. Indeed, Clarke (2007) suggested that the maxilla is the only 
reliable cranial element for osteological analysis. Within Leiopelma, there are two main groups 
of taxa supported by osteological characters. Leiopelma auroraensis and L. markhami are 
morphologically similar to L. hochstetteri, whereas L. waitomoensis is similar to the extant 
terrestrial taxa, which are osteologically indistinguishable (Worthy 1987b; Worthy et al. 2013). 
Leiopelma hochstetteri is the only leiopelmatid frog to exhibit sexual dimorphism 
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osteologically, in that the males have more pronounced lateral ridges on the humeri compared 
to females (Bell 1978; Worthy 1987b; Germano et al. 2011).  
 
Of the extinct taxa, Leiopelma waitomoensis and L. markhami were the most geographically 
widespread; although L. waitomoensis was restricted to the North Island, L. markhami was 
widely distributed in both main islands (Figure 4A & B). Leiopelma auroraensis is known only 
from the holotype (NMNZ S.23413) collected from southern NZ (Te Anau, Fiordland) (Worthy 
1987a, Figure 4A). Worthy (1998) described an incomplete femur from southern NZ (Forest 
Hill, near Invercargill, Southland), which was intermediate between L. auroraensis and L. 
markhami, so its identity remains unclear (Figure 4F). Indeed, Worthy (1987a) suggested that 
L. auroraensis may just represent the southern extent of L. markhami. The fossil distribution of 
the extant L. hamiltoni and L. pakeka remains uncertain because these taxa were previously 
considered as the single species L. hamiltoni (until 1998 when L. pakeka was described) and 
there are no morphological characters separating these two taxa (Bell et al. 1998a; Bell 2010; 
Worthy et al. 2013). Indeterminate Leiopelma fossils clearly indicate a wider pre-human 
distribution of leiopelmatids (Figure 4F). Nonetheless, fossils identified by Worthy (1987a, b) 
as L. hamiltoni and L. hochstetteri have been discovered across most of the North Island and 
western regions of South Island (Figure 4C & D). Fossils identified as L. archeyi have only 
been found in the northern North Island (Figure 4E). Late Quaternary fossils of Leiopelma have 
not been recorded in the eastern South Island, possibly because of the dry climates experienced 
within this region during the Pleistocene (0.01–1.8 Mya) and Holocene (< 10 Kya) (Worthy 
1987a; Tennyson 2010).  
 
Like most endemic NZ taxa, contemporary Leiopelma populations are now highly fragmented 
and isolated. Leiopelma hochstetteri is the most widespread extant taxon, occurring as 
phylogeographically structured isolated populations in northern North Island (Figure 4C). 
Similarly, L. archeyi occurs naturally in just two main areas of northern NZ (Thames-
Coromandel and Waitomo Districts) (Bishop et al. 2013, Figure 4E). The two rarest taxa, L. 
hamiltoni and L. pakeka, are restricted to single insular island populations located off the 
northern South Island. Based on bathymetry and late Quaternary sea level reconstructions these 
populations have probably been isolated for the past 14,000 years (Gibb 1986; Lewis et al. 
1994; Thurlow 2015, Figure 4D).  
 
An osteological and morphometric reassessment of extant and extinct leiopelmatid frogs is 
warranted given concerns over possible cryptic diversity (Fouquet et al. 2010a; Newman et al. 
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2013). Since Worthy’s (1987a, b) analyses, major additions of modern skeletal material, Late 
Pliocene, and Pleistocene/Holocene fossils of Leiopelma to museum collections have occurred. 
My study re-examined skeletal and external morphology in order to re-assess morphological 
differentiation, species limits and the taxonomy of leiopelmatid frogs to provide new insights 
into the palaeogeography and evolutionary history of this globally significant and threatened 
anuran lineage. 
 




Figure 4. Late Quaternary fossil, historical (< 50 years ago) and current (extant natural) distribution of 
Leiopelma taxa in New Zealand: A) L. markhami and L. auroraensis, B) L. waitomoensis, C) L. 
hochstetteri, D) L. hamiltoni and L. pakeka, E) L. archeyi, and F) indeterminate spp. 






Skeletal material of Leiopelma was sourced from the University of Otago Department of 
Zoology (UO), Waitomo Caves Museum (WO), Museum of New Zealand Te Papa Tongarewa 
(NMNZ), Canterbury Museum (CM), Otago Museum (OM) and Manaaki Whenua Landcare 
Research (LR). Modern material was originally obtained from the Thames-Coromandel region 
and offshore islands off the northern South Island. Late Pliocene material was originally 
obtained from Waipara, South Island. Pleistocene/Holocene fossils of Leiopelma covered the 
known geographical and temporal range of the genus ([North Island:-] Northland, Waitomo 
District, Hawkes Bay, Wairarapa, [South Island:-] north-west Nelson, West Coast, Te Anau, 
Southland and Central Otago; age: ca. 300–29,000 BP) (Worthy 1987a; Worthy & Holdaway 
1993, 1994; Worthy et al. 2002; Worthy & Roscoe 2003). 
 
Measurements were taken using Vernier callipers to the nearest 0.1 mm. The Late Pliocene 
material was fragmentary thus only a few osteological features and measurements were 
recorded: dorsal-ventral and medial-lateral widths of the ‘iliac neck’ (i.e. the smallest width of 
the corpus crest, Blain et al. 2015), mid shaft width of the tibiofibula and radioulna. All late 
Quaternary specimens measured were osteologically mature (i.e. adult). Only unique elements 
(e.g. only the left femur) from sites/layers were measured to ensure independency of the data. 
When I could not confidently allocate fossil remains to a particular taxon (e.g. size overlap in 
L. hamiltoni and L. hochstetteri, see Worthy & Holdaway 1993), I conservatively grouped 
material from these taxa as ‘indeterminate’. Bones were allocated to a taxon based on associated 
material that was osteologically diagnostic (see Worthy 1987b) and later validated using 
molecular techniques described in Chapter Three. Following Worthy (1987b), I recorded four 
measurements (proximal width, mid-shaft width, distal width, and total length) for each of the 
five largest postcranial limb bones (humerus, radioulna, femur, tibiofibula and tibiale-fibulare). 
Only bones where accurate length measurements could be obtained were included in the 
analyses. However, I did include specimens where ossification of the capituli was absent as, for 
example, in L. waitomoensis there is a lack of ossification of the tibial cartilages at either end 
of the tibiofibula (Worthy 1987b). Therefore, any length measurements for relevant specimens 
will underestimate the equivalent measurements made in other material where the capituli is 
present. To account for damage caused to the only available modern tibiofibulae of L. hamiltoni 
(NMNZ AM.292), I performed permutation mean matching for two missing values of total 
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length and proximal width using the ‘mice’ package (van Buuren & Groothuis-Oudshoorn 
2011) in R v3.0.2 (R Development Core Team 2013).  
 
To test for morphological variation in maxillae, I used a digital camera (TG-3 Olympus®, USA) 
to photograph lingual views of all available complete modern and fossil maxillae (including 
specimens from the introduced Australian Ranoidea raniformis [sensu Dubois & Frétey 2016] 
and Litoria ewingii given that such taxa are sometimes found in fossil deposits [Worthy 1987b] 
and some maxillae of Ranoidea spp. have previously been misidentified as those of Leiopelma 
spp. e.g. CM AM.78). Digital photos were downloaded into R and, using the package 
‘geomorph’ (Adams & Otárola-Castillo 2013), 18 spatial ‘landmarks’ (positions on the maxilla) 
for each specimen were selected in order to establish coordinates that described maxilla 
osteology (Figure 5).  
 
 
Figure 5. Lingual view of a right Holocene fossil maxilla of Leiopelma markhami (NMNZ S.23121), 
highlighting the main osteological features and the 18 spatial ‘landmarks’ (positions on the maxilla, 
solid red circles) that were selected in order to establish coordinates that described the shape. Scale bar 
= 1 mm (red dotted line).  
External morphometric data of extant frogs were sourced from Bell (1978, 1994) and Gleeson 
et al. (2010). External measurement data from Bell (1978, 1994) consisted of 19 measurements 
(see Bell 1978, 1994 for details), while data from Gleeson et al. (2010) included only the 
following: snout-vent length (SVL), head width and length, radioulna width and length, palm 
width, femur length, and tibiofibula length.  
 
Statistical Analyses 
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All analyses on raw data were performed in R v3.0.2 (R Development Core Team 2013). For 
identifiable specimens that consisted of complete sets of associated morphological elements, I 
performed a multivariate discriminant function analysis (DFA) on the actual (non-transformed) 
measurements. I assessed the data on postcranial limb element sizes using a Bayesian 
Information Criterion (BIC) model-based clustering and classification approach within the 
package ‘mclust’ (Fraley et al. 2012). For the element(s) with the most discrete and highest 
number of clusters, I compared length (size) and proximal/distal width/length ratios (shape) 
between taxa using non-parametric and univariate Mann-Whitney U (MWU) tests. These tests 
were not performed for L. auroraensis and L. hamiltoni because for each of these species only 
one skeleton exists in collections. I tested for inter-specific diagnosability using multivariate 
principal component analysis (PCA) and DFA on the actual (non-transformed) measurements 
to determine levels of differentiation and which morphometric measurements explained the 
most variance. I subsequently tested for intra-specific variation using the same three analyses 
(MWU, DFA, and PCA), but only for L. markhami and L. waitomoensis as these 
morphologically distinguishable taxa were the most widespread historically (Worthy 1987a, b). 
Leiopelma auroraensis was included in the PCA analysis for L. markhami to test whether this 
taxon is the southern extent of a cline that follows Bergmann’s Rule. 
 
To test for shape variation of maxillae, coordinates of left maxillae were transformed by rotating 
values on the y-axis so that they aligned with those represented by right maxillae for 
comparison. Morphological ‘landmark’ coordinates were then standardised for size using a 
generalised Procrustes analysis (see Rolf & Slice 1990) in the package ‘geomorph’ (Adams & 
Otárola-Castillo 2013). Using these standardised coordinates, inter- and intra-specific variation 
of the morphological ‘landmarks’ was assessed using multivariate analysis of variance 
(MANOVA) with an interaction between the fixed effects, species and collection locality. The 
MANOVA involved 1000 iterations and was followed by post-hoc tests.  
 
For external morphology, I performed multivariate DFA and PCA comparisons on actual (non-
transformed) measurements to test for phenotypic differentiation between extant taxa. To assess 
conformity of phenotypic differentiation to the phylogeographic-structure of L. hochstetteri, I 
performed a cluster analysis using the package ‘ape’ (Paradis et al. 2004), based on a Euclidean 
distance dissimilarity matrix produced from the averaged measurements (which were 
standardised by individual SVL) for each population. Statistical significance was taken at the 
P < 0.05 level. 
 




Associated Postcranial Skeletons 
For associated postcranial skeletons, 100% of the individual specimens examined were 
‘correctly’ assigned to their respective taxon in the DFA analysis (extinct taxa: L. auroraensis, 
n = 1; L. markhami, n = 10; L. waitomoensis, n = 1; extant taxa: L. archeyi, n = 10; L. pakeka, 
n = 31; L. hochstetteri, n = 4; L. hamiltoni, n = 1). Key discriminating features were that the 
femur and tibiofibula in L. auroraensis were of equal length, while the tibiofibula in L. 
waitomoensis was noticeably longer than the femur. Furthermore, humerus length, in 
proportion to the tibiofibula, was longer in L. auroraensis than in other taxa, including L. 
markhami.  
 
Isolated Postcranial Elements 
Bayesian Information Criterion model-based clustering of isolated postcranial elements 
estimated three size clusters for tibiofibulae (BIC = -1705.4, df = 26, n = 540), femora (BIC = 
-1345.4, df = 26, n = 445), humeri (BIC = -1608.3, df = 26, n = 359) and radioulnae (BIC = -
707.0, df = 26, n = 258), whereas only two clusters were estimated for the tibiale-fibulare (BIC 
= -1098.2, df = 20, n = 189). Of the elements sorted into three clusters, the tibiofibula was the 
most morphologically distinct, hence additional analyses were performed only for this element. 
However, the degree of clustering in tibiofibulae may be a reflection of the large sample size 
compared to other postcranial elements. No signals of sexual dimorphism were seen for any 
element as the morphometric data were normally distributed rather than bimodal. 
 
The tibiofibulae lengths for extinct taxa (L. auroraensis: 18.3 mm [n = 1]; L. markhami: 15.5–
30.4 mm [n = 190]; L. waitomoensis: 25.1–42.1 mm [n = 50]) were significantly larger than 
those of extant taxa, which generally overlapped in size, including taxa considered to be 
indeterminate (L. archeyi: 9.7–14.0 mm [n = 12]; L. hamiltoni: 14.9 mm [n = 1]; L. pakeka: 
11.2–18.5 mm [n = 32]; L. hochstetteri: 14.9–17.5 mm [n = 4]; indeterminate: 10.1–21.7 mm 
[n = 250]) (Table 1). Leiopelma archeyi had significantly smaller tibiofibulae compared to other 
taxa, but proximal/distal width/length ratios of L. archeyi (0.12–0.16) were relatively higher 
than L. hochstetteri (0.128–0.135). Indeterminate and L. pakeka proximal/distal width/length 
ratios were also significantly broader compared to L. hochstetteri (0.12–0.17 and 0.11–0.16, 
respectively) and similar in breadth to L. hamiltoni (0.16). Proximal/distal width/length ratios 
of L. auroraensis and Leiopelma markhami were broader than other taxa (0.13–0.21 and 0.21, 
respectively), whilst tibiofibulae of L. waitomoensis were the most slender (0.11–0.15) (Table 
1).  




Inter-specific diagnosability of tibiofibulae was high for all extinct taxa: 100 % from L. 
auroraensis, 97.9 % from L. markhami, and 98% from L. waitomoensis were assigned to their 
respective taxon. Only 0.5 % and 1.6 % of tibiofibulae from L. markhami were assigned as 
belonging to L. auroraensis and L. pakeka groups, respectively, and 2 % of tibiofibulae from 
L. waitomoensis as L. markhami. For extant taxa, 58.3 % of tibiofibulae from L. archeyi and 
96.9 % from L. pakeka were ‘correctly’ allocated. 41.7 % of tibiofibulae from L. archeyi, 100 
% from L. hochstetteri, and 100 % from L. hamiltoni were classified as L. pakeka. Only 3.1 % 
of tibiofibulae from L. pakeka were classified as L. archeyi. All tibiofibulae features measured 
loaded positively and equally on PC1 (axis scores: distal width = 0.51; mid shaft width = 0.50; 
proximal width = 0.50; length = 0.49), which explained 94.9 % of the variance. Positive values 
on the PC1 axis represent large tibiofibulae size (e.g. tibiofibulae of L. waitomoensis are 
generally longer than tibiofibulae of L. markhami, Figure 6). Tibiofibulae length also loaded 
negatively on PC2 (-0.83), which accounted for 3.2 % of the remaining variance. Negative 
values on the PC2 axis represent a decrease in overall width/length ratio, indicating tibiofibulae 
are gracile, whereas positive values indicate robust tibiofibulae (e.g. tibiofibulae of L. 
waitomoensis are gracile whereas tibiofibulae of L. markhami are robust, Figure 6).  
 
The tibiofibulae regional lengths of L. markhami, the most geographically widespread of the 
extinct taxa, were mostly significantly different from each other in North Island (Northland: 
20.6 mm [n = 1]; Waitomo: 16.9–22.6 mm [n = 24]; Hawkes Bay: 19.1–21.2 mm [n = 6]; 
Coonoor: 20.1 mm [n = 1]; Wairarapa: 20.9–22.4 mm [n = 7]) and in South Island (north-west 
Nelson: 18.0–30.4 mm [n = 133]; West Coast: 15.5–25.1 mm [n = 18]) (Table 2, Figure 4A). 
In contrast, proximal/distal width/length ratios were generally similar throughout (Northland: 
0.16; Waitomo: 0.15–0.19; Hawkes Bay: 0.15–0.17; Coonoor: 0.19; Wairarapa: 0.15–0.18; 
north-west Nelson: 0.13–0.21; West Coast: 0.13–0.18), but tibiofibulae of L. markhami from 
the South Island were significantly broader than two North Island locations (Table 2). 
Tibiofibulae of the widespread North Island endemic L. waitomoensis were significantly 
smaller in Northland than those from Waitomo (25.1–28.6 mm [n = 4] and 25.5–42.1 mm [n = 
40], respectively), whereas tibiofibulae from Hawkes Bay were significantly larger (36.9–40.5 
mm [n = 3]). Coonoor specimens were similar in length to those from Hawkes Bay (35.4–40.4 
mm [n = 2]) (Table 3, Figure 4B). Proximal/distal width/length ratios were the same across 
regions (range = 0.11–0.15) thus tibiofibulae of L. waitomoensis mainly differed in size, not 
shape (Table 3).  
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Intra-specific diagnosability of L. markhami and L. waitomoensis was high for some geographic 
regions. The proportion of tibiofibulae from L. markhami correctly assigned to north-west 
Nelson (South Island) was 96.2 %. For L. waitomoensis, 66.7 % and 97.5 % of tibiofibulae were 
correctly assigned to the North Island Hawkes Bay and Waitomo regions, respectively. As 
above, all tibiofibulae features measured loaded positively and equally on PC1 for both L. 
markhami (axis scores: distal width = 0.52; mid shaft width = 0.47; proximal width = 0.52; 
length = 0.47) and L. waitomoensis (axis scores: distal width = 0.50; mid shaft width = 0.49; 
proximal width = 0.50; length = 0.50). PC1 explained 82.0 % and 94.9 % of the variance for L. 
markhami and L. waitomoensis, respectively. Large tibiofibulae size was represented by 
positive values on the PC1 axis for L. markhami (Figure 7) and L. waitomoensis (Figure 8). The 
highest loadings on PC2 were length (-0.71) and mid shaft width (0.70) for L. markhami, 
whereas only mid shaft width (-0.85) loaded highly on PC2 for L. waitomoensis. PC2 explained 
10.0 % and 2.5 % of the remaining variance for L. markhami and L. waitomoensis, respectively. 
PC2 again refers to the level of robustness, which indicates some intra-specific differentiation 
in tibiofibulae shape for both taxa (Figure 7 & Figure 8). The tibiofibula of Leiopelma 
auroraensis grouped with the most robust tibiofibulae of L. markhami from north-west Nelson 
(South Island) (Figure 7). 
 
Maxillae 
Osteological shape data of Leiopelma maxillae (Figure 9) were collected from 161 complete 
specimens (L. auroraensis, n = 1; L. markhami, n = 84 [West Coast, n = 4; north-west Nelson, 
n  = 72; Wairarapa, n = 3; Waitomo, n = 5]; L. waitomoensis, n = 9 [Northland, n = 1; Waitomo, 
n = 8]; L. archeyi, n = 9; L. pakeka, n = 7; L. hochstetteri, n = 3; L. hamiltoni, n = 1; 
indeterminate, n = 47 [West Coast, n = 4; north-west Nelson, n  = 37; Waitomo, n = 5; 
Northland, n = 1]) and from seven specimens of Ranoidea/Litoria spp. Maxillae morphology 
of Leiopelma consisted of four main character states: 1) those that had a broad pars facialis and 
un-notched anterior, 2) those with a deep notch anterior to a narrow preorbital process, 3) those 
with a subtle preorbital process, elongated anterior section, and were fairly broad overall, and 
4) those with a shallow notch, slightly wide preorbital process, and an elongated tip of the 
posterior process (Figure 9). The latter two characters were additional to those identified by 
Worthy (1987b). Maxillae of Ranoidea/Litoria spp. were most similar to those from the extinct 
Leiopelma waitomoensis, in that Ranoidea/Litoria spp. had an elongated anterior section and 
the presence of a small preorbital process. However, in comparison to Leiopelma waitomoensis, 
maxillae of Ranoidea/Litoria spp. were not as broad, notches were more distinctive, and the 
interior curvature of the dorsal section was more pronounced. The maxilla of Leiopelma 
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auroraensis was most similar to L. markhami, which typically had a prominent preorbital 
process and deep anterior notch. The main differences between these two extinct taxa were that 
the maxilla of L. auroraensis was more compacted posteriorly, and that the preorbital process 
was more vertical with a shallower notch. Maxillae of extant Leiopelma taxa had no notch but 
a broad pars facialis or had a shallow notch or preorbital process (Figure 9). Unlike extinct 
Leiopelma, the osteology of extant Leiopelma maxillae generally overlapped, although there 
were some subtle differences in morphology (Table 4). For example, the posterior slope of the 
preorbital process was slightly shallower in L. archeyi than in other extant taxa. Moreover, the 
preorbital process was more pronounced in L. pakeka and L. hamiltoni compared to L. archeyi 
and L. hochstetteri. Osteology of indeterminate maxillae overlapped with extant and extinct 
taxa (Table 4). There were significant differences in maxillae osteology between species (df = 
8, F = 3.49, P = 0.001) but not between geographical locations (df = 11, F = 0.50, P = 0.08). 
Intra-specific variation of maxillae was geographically conservative (df = 88, F = 0.03, P = 
0.88). The amount of variance explained by PC1 and PC2 was 26.4 % and 17.3 %, respectively. 
 
Figure 6. Principal component analysis of fossil and modern tibiofibulae (n = 540) measurements in 
Leiopelma frogs showing inter-specific size and shape variation. For taxa with three or more data points, 
different coloured convex hull polygons are shown to highlight separate taxon groups (refer to key for 
which taxon these represent). 




Figure 7. Principal component analysis of fossil tibiofibulae (n = 191) measurements in the extinct L. 
markhami and L. auroraensis (solid black triangle), showing intra- and inter-specific size and shape 
variation. For regions with three or more data points, different coloured convex hull polygons are 
shown to highlight separate geographical groups (refer to key for which population these represent). 




Figure 8. Principal component analysis of fossil tibiofibulae (n = 49) measurements in the extinct L. 
waitomoensis, showing intra-specific size and shape variation. For regions with three or more data 
points, different coloured convex hull polygons are shown to highlight separate geographical groups 
(refer to key for which population these represent).  




Figure 9. Principal component analysis and deformation mesh grids showing the variation of maxillae 
shape (n = 168) in New Zealand Leiopelma, Australian Ranoidea, and Australian Litoria frogs. 
Taxonomic classifications are as follows: L. auroraensis (lime green), L. markhami (light blue), L. 
waitomoensis (purple), L. archeyi (orange), L. pakeka (dark blue), L. hochstetteri (cyan), L. hamiltoni 
(turquoise), indeterminate Leiopelma spp. (red) and Ranoidea/Litoria spp. (pink).




Table 1. Non-parametric Mann-Whitney U test comparisons of tibiofibulae size between Leiopelma taxa. Leiopelma auroraensis and L. hamiltoni were excluded as 
they had sample sizes of one. Total length and distal width/length ratio comparisons are presented in the upper and lower diagonal sections, respectively. Distal and 
proximal widths were highly correlated (Pearson’s correlation: t = 53.73, df = 538, P < 0.001, correlation = 0.918), thus only distal width/length ratio comparisons are 
presented in the table. Mid shaft width/length ratios were virtually identical between all taxa and were thus excluded from the table. Statistical significance was taken 
at the P < 0.05 level. Significant P-values are highlighted in bold. 
 Taxonomic classification 
 L. waitomoensis L. markhami Indeterminate L. archeyi L. hochstetteri L. pakeka 
L. waitomoensis  
W = 126 
P < 0.001 
W = 0 
P < 0.001 
W = 0 
P < 0.001 
W = 0 
P = 0.001 
W = 0 
P < 0.001 
L. markhami 
W = 9425 
P < 0.001 
 
W = 1420.5 
P < 0.001 
W = 0 
P < 0.001 
W = 7 
P < 0.001 
W = 6021 
P < 0.001 
Indeterminate 
W = 9987 
P < 0.001 
W = 2381.5 
P < 0.001 
 
W = 2837 
P < 0.001 
W = 424 
P = 0.604 
W = 3574.5 
P = 0.328 
L. archeyi 
W = 496 
P < 0.001 
W = 94 
P < 0.001 
W = 1309 
P = 0.458 
 
W = 0 
P = 0.004 
W = 13 
P < 0.001 
L. hochstetteri 
W = 97 
P = 0.934 
W = 5 
P < 0.001 
W = 858 
P = 0.014 
W = 44 
P = 0.018 
 
W = 65.5 
P = 0.960 
L. pakeka 
W = 1235 
P < 0.001 
W = 5897 
P < 0.001 
W = 4441 
P = 0.311 
W = 235.5 
P = 0.257 
W = 19 
P = 0.025 
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Table 2. Non-parametric Mann-Whitney U test comparisons of tibiofibulae size between Leiopelma 
markhami fossil locations of North Island and South Island, New Zealand. North Island regions include: 
Waitomo, Hawkes Bay and the Wairarapa. South Island regions include: north-west Nelson (abbreviated 
as NW Nelson) and the West Coast. Length and distal width/length ratio comparisons are presented in 
the upper and lower diagonal sections, respectively. Statistical significance was taken at the P < 0.05 
level. Significant P-values are highlighted in bold. 
 
 
Table 3. Non-parametric Mann-Whitney U test comparisons of tibiofibulae size between Leiopelma 
waitomoensis fossil locations of North Island, New Zealand. North Island regions include: Northland, 
Waitomo, Hawkes Bay and Coonoor. Length and distal width/length ratio comparisons are presented in 
the upper and lower diagonal sections, respectively. Statistical significance was taken at the P < 0.05 










 North Island regions  South Island regions 
 Waitomo Hawkes Bay Wairarapa  NW Nelson West Coast 
Waitomo  
W = 69.5 
P = 0.917 
W = 23 
P = 0.004 
 W = 2687 
P < 0.001 
W = 140.5 
P = 0.06 
Hawkes Bay 
W = 81.5 
P = 0.641 
 
W = 2 
P = 0.008 
 
W = 101 
P = 0.002 
W = 31 
P = 0.13 
Wairarapa 
W = 44 
P = 0.06 
W = 11 
P = 0.174 
 
 
W = 599.5 
P = 0.2 
W = 74 
P = 0.52 
NW Nelson 
W = 2312 
P  < 0.001 
W = 213 
P = 0.05 
W = 411.5 
P = 0.61 
 
 
W = 1629 
P = 0.01 
West Coast 
W = 101.5 
P = 0.004 
W = 14 
P = 0.008 
W = 77 
P = 0.41 
 
W = 1140.5 
P = 0.75 
 
 North Island regions 
 Northland Waitomo Hawkes Bay Coonoor 
Northland  
W = 19 
P = 0.014 
W = 12 
P = 0.057 
W = 8 
P = 0.133 
Waitomo 
W = 101.5 
P = 0.391 
 
W = 111.5 
P = 0.015 
W = 70 
P = 0.081 
Hawkes Bay 
W = 6 
P = 1.0 
W = 97 
P = 0.082 
 
W = 4 
P = 0.8 
Coonoor 
W = 2 
P = 0.533 
W = 48 
P = 0.658 
W = 6 
P = 0.2 
 




Table 4. Multivariate analysis of variance comparisons of maxillae shape in New Zealand Leiopelma and Australian Ranoidea/Litoria frogs. Statistical 
significance was taken at the P < 0.05 level. Significant P-values are highlighted in bold.






















 P < 0.01 P = 0.04 P < 0.01 P < 0.01 P = 0.05 P < 0.01 P = 0.03 P < 0.01 
Leiopelma 
markhami 
  P = 0.10 P < 0.01 P < 0.01 P = 0.05 P < 0.01 P = 0.06 P < 0.01 
Leiopelma 
auroraensis 
   P = 0.05 P = 0.06 P = 0.05 P = 0.05 P = 0.30 P = 0.05 
Indeterminate 
Leiopelma  
    P = 0.32 P = 0.09 P = 0.19 P = 0.19 P < 0.01 
Leiopelma 
archeyi 
     P = 0.09 P = 0.04 P = 0.43 P < 0.01 
Leiopelma 
hamiltoni 
      P = 0.07 P = 0.05 P = 0.03 
Leiopelma 
pakeka 
       P = 0.16 P < 0.01 
Leiopelma 
hochstetteri 
        P < 0.01 
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Additional discoveries of leiopelmatid fossils 
Late Holocene Leiopelma fossils that were discovered from a third location, Mt Nicholas 
Station, in southern NZ (CM 2017.3.89–90, 214–215, & 312, Figure 4F), were similar in size 
to L. auroraensis and L. markhami but differed from these taxa (cf. with the holotype specimens 
NMNZ S.23413 and NMNZ S.23120) in the following ways: 1) ventral curvature of the scapula 
midsection was symmetrical rather than asymmetrical, 2) ossified humeral balls or shaft ridges 
were absent, with a shallower attenuation of the shaft from the epiphyses, 3) ilial shaft widths 
were slightly wider, and 4) the scapula ‘neck’ was broader. Osteological and morphological 
similarities included a prominent acetabular rim ridge of the ilia and a broad glenoid foramen 
of the scapula akin to L. markhami. Furthermore, there was an ‘angled’ appearance of the ilial 
shaft and relatively short total length of the scapula as in L. auroraensis (see Worthy 1987b for 
details).  
 
Late Pliocene material (NMNZ S.46449, S.46451–58) collected from the eastern South Island 
was identified as Leiopelma due to the presence of diagnostic, fixed characters for this genus; 
namely, the lack of a crista dorsalis (ilial shaft ridge), a shallow angled pars ascendens, and that 
the ilial shaft was uncompressed (see Worthy et al. 2013). This material was comparable in size 
to L. archeyi and L. hochstetteri (ca. 40 mm SVL) and is likely from more than one individual. 
Osteologically, these fossils differ from all other Leiopelma (see Appendices for details). 
 
External Morphology 
Discrimination of extant Leiopelma taxa was high in the re-analysis of the 19 external 
morphometric measurements. When all four extant taxa were included, 100 % of L. archeyi (n 
= 33), L. pakeka (n = 27) and L. hochstetteri (n = 16) individuals were ‘correctly’ assigned. In 
L. hamiltoni (n = 11), 81.8 % of individuals were assigned as this taxon, while the rest were 
classified as L. pakeka. However, when only L. pakeka and L. hamiltoni were included in the 
analysis, all individuals were assigned to their respective taxon. Likewise, frogs from two 
geographically isolated populations of L. archeyi in the North Island (Thames-Coromandel 
District [n = 23] and Whareorino in Waitomo District [n = 10]) were all ‘correctly’ assigned 
when analysed separately from other taxa. In contrast, the PCA yielded major overlap for 
isolated North Island populations of L. hochstetteri (East Cape [n = 3] and Coromandel [n = 
13]), the North Island populations of L. archeyi, and for L. pakeka and L. hamiltoni (Figure 10). 
All external features loaded positively on PC1 (data not shown), while radioulna and humerus 
widths loaded positively on PC2 (0.42 and 0.45, respectively), and the length of the third fore-
finger and nostril-eye length had equal negative loadings (-0.35). PC2 loadings indicate that 
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terrestrial Leiopelma have less robust forelimbs than L. hochstetteri, although the former taxa 
have elongated snouts and fore-fingers (Figure 10). PC1 and PC2 explained 79.6 % and 9.9 % 
of the variance, respectively. Snout-vent lengths of the live L. hochstetteri recorded by Gleeson 
et al. (2010) ranged between 25.1–48.6 mm (n = 405). Most populations of northern North 
Island were morphologically similar (Northland and Coromandel), whereas morphological 
differences were more apparent in frogs from the central and eastern North Island populations 
(Figures 11 & 12). For example, Otawa (Central North Island) and Waingakia (East Cape) frogs 
have noticeably longer head/SVL ratios compared to other individuals (Figure 12). In addition, 
as indicated by the long branch lengths of the dendrogram (Figure 11), Otawa and Waingakia 
frogs were the most morphologically distinct compared to other L. hochstetteri populations. 
Diagnosability of the 18 contemporary North Island L. hochstetteri populations was generally 
low, except for Otawa and Waingakia frogs where 76.9 % (n = 26) and 87.5 % (n = 8) of 
individuals were ‘correctly’ assigned, respectively.  
 
Figure 10. Principal component analysis of 19 external measurements in extant Leiopelma frogs (see 
Bell 1978, 1994 for details) showing inter- and intra-specific shape, and size variation. Different 
coloured convex hull polygons are shown to highlight separate groups, which are as follows: L. 
hochstetteri (Coromandel [abbreviated as CORO, n = 13], solid circles), L. hochstetteri (East Cape 
[abbreviated as ECAP, n = 3], hollow circles), L. archeyi (CORO [n = 23], plus signs), L. archeyi 
(Whareorino [abbreviated as WHAR, n = 10], solid triangles), L. hamiltoni (Takapourewa/Stephens 
Island [abbreviated as STEP, n = 11], solid squares), and L. pakeka (Te Hoiere/Maud Island [abbreviated 
as MAUD, n = 27], hollow squares). Figure modified from Bell (1978, 1994). 




Figure 11. Cluster analysis of external morphometrics from live Leiopelma hochstetteri (n = 378) across 
18 geographically isolated populations in northern North Island. Geographical regions are Northland 
(blue), Coromandel (orange), Central North Island (red), and East Cape (black). Data were provided by 
Gleeson et al. (2010). 
 
Figure 12. Heat map of external morphometrics from live Leiopelma hochstetteri (n = 378) across 18 
populations in the northern North Island. External measurements included: head length and width, 
radioulna length and width, forearm palm width, femur and tibiofibula length. These measurements were 
standardised by snout-vent length (SVL) for each individual, then averaged for each population. Relative 
scores are the averaged measurements standardised by the maximum size for each external element (i.e. 
the reference). For example, frogs from Otawa and Waingakia populations have the longest head lengths 
in relation to SVL (relative score thus equals 1.00, indicated in red), while frogs from all other 
populations have head/SVL ratios approximately 85–90 % that size. Data were provided by Gleeson et 
al. (2010). 





Ecological Correlates of Morphology 
In my analyses, associated postcranial limb skeletons of known taxa were all ‘correctly’ 
allocated to their taxon, though particularly for taxa with only single complete skeletons (L. 
auroraensis, L. hamiltoni and L. waitomoensis), this result may not be that meaningful. Of 
importance however, L. waitomoensis had lower humerus/tibiofibula and femur/tibiofibula 
ratios than in other Leiopelma taxa, while L. auroraensis and L. markhami had the highest. 
Humerus/tibiofibula and femur/tibiofibula length ratios are negatively correlated with jumping 
ability (Zug 1972) and, as such, indicate that L. waitomoensis was a strong jumper, unlike the 
widespread L. markhami and southern NZ endemic L. auroraensis, which are suggested to have 
primarily walked (Worthy 1987a). Moreover, physical characteristics of fossil sites suggest that 
L. waitomoensis was a stream-dweller as its remains are predominantly found in karst deposits 
associated with streams (Worthy 1987a). In contrast, L. markhami are predominantly found in 
pitfall deposits, which disproportionally comprise terrestrial fauna (Worthy 1987a). Field 
observations of behaviour in the semi-aquatic L. hochstetteri, and terrestrial L. archeyi, L. 
pakeka and L. hamiltoni, attest to this association between locomotor repertoire and the 
environment (Newman 1990; Reilly et al. 2015). In particular, L. hochstetteri jump and swim 
more often than other extant Leiopelma spp., even though extant Leiopelma spp. primarily walk 
(Reilly et al. 2015).  
Inter-specific Variation in Isolated Postcranial Elements 
The results of my study, using approximately 1000 new specimens, strongly support those of 
Worthy (1987a, b); in particular, extinct taxa were substantially larger than extant species. 
Worthy (1987b) estimated SVLs of extinct L. auroraensis and L. markhami to be ca. 50–60 
mm, whereas L. waitomoensis was ca. 100 mm. In contrast, extant taxa only reach up to ca. 50 
mm SVL, the smallest being L. archeyi, which is generally between 32–40 mm SVL (Worthy 
1987b). Leiopelma auroraensis and L. markhami have been described as morphologically 
robust, which is indicated by the broadness of their hindlimb bones. Leiopelma waitomoensis, 
in contrary, had relatively narrow hindlimb bones, and is thus considered to be more gracile in 
comparison (Worthy 1987b). The distinctiveness of these size characteristics is clearly 
demonstrated by the high diagnosability of tibiofibulae of extinct taxa in my and Worthy’s 
(1987b) study. However, while Worthy (1987b) assigned 98.1 % of tibiofibulae from L. 
markhami (n = 101) and 100 % of tibiofibulae from L. waitomoensis (n = 43) to their respective 
taxon, the holotype tibiofibula of L. auroraensis was classified as L. markhami. Worthy’s 
(1987b) measurements of the holotype differed from my measurements of the same specimen 
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by ca. 1 mm, which is perhaps why there were contrasting results regarding the diagnosability 
of L. auroraensis and L. markhami between our studies. Nevertheless, isolated postcranial 
elements of these taxa are clearly similar. 
 
Overall, tibiofibulae size range in extant taxa in my study was similar to that reported in Worthy 
(1987b). However, Worthy (1987b) found proximal/distal widths of L. archeyi to be 
significantly different from all taxa except L. hochstetteri – in contrast, I found significant 
differences between all identifiable taxa except L. pakeka (albeit L. pakeka being described as 
L. hamiltoni in Worthy 1987b). Despite new fossil discoveries, L. archeyi is the only extant 
taxon that is differentiated by its small tibiofibulae size. Size related differences, but minimal 
genetic distance between L. archeyi, L. pakeka and L. hamiltoni compared to L. hochstetteri 
(see Holyoake et al. 2001; Carr et al. 2015; Thurlow 2015), may therefore suggest that L. 
archeyi, L. hamiltoni and L. pakeka represent a single species with marked geographic size 
variation that has become fragmented into several isolated populations (a prediction that I test 
in Chapter Three). The overlap of size and lack of diagnosable osteological features between 
extant taxa and indeterminate fossils supports Worthy’s (1987b) contention that such fossils 
could be either L. hamiltoni or L. hochstetteri (L. archeyi fossils were not described at the time 
of Worthy’s 1987b study). In my study, tibiofibulae from L. hamiltoni and L. pakeka were 
similar to specimens of indeterminate tibiofibulae, but broader than L. hochstetteri, which 
implies that indeterminate fossils are more likely to comprise the former taxa. Skeletal 
morphology of isolated tibiofibulae (and postcranial limb elements in general) therefore seems 
to be problematic in distinguishing between the Leiopelma taxa. Although there are some 
osteological differences in the forelimbs of L. hochstetteri and L. hamiltoni (e.g. lateral and 
medial crests of the humeri are present in the former but not in the latter [Worthy 1987b; Worthy 
et al. 2013]), from what was observed these characteristics are not always distinct.  
 
Temperature Related Effects on Postcranial Elements 
Worthy (1997a, b) demonstrated that the two most widespread extinct taxa, L. waitomoensis 
and L. markhami, obey Bergmann’s rule in that they show a latitudinal cline in tibiofibulae size 
with individuals from southern populations larger than those from more northern populations. 
However, in the present study, tibiofibulae of L. markhami from north-west Nelson (South 
Island) were relatively larger than those from the South Island’s West Coast (this was not 
observed by Worthy [1987a, b] as he did not measure fossils from the latter location). My 
observation suggests that an interaction between temperatures associated with altitude and 
latitude is the primary factor responsible for these size patterns (Berven et al. 1979). I consider 
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that the effect of temporal variation (i.e. the deposition of fossils during warm and cool periods) 
on Leiopelma size is minimal as radio-carbon dating of associated avifaunal bones indicates 
nearly all leiopelmatid bones to be of a Holocene age from time-averaged fossil deposits 
(Worthy 1987a; Worthy & Holdaway 1993, 1994; Worthy et al. 2002; Worthy & Roscoe 2003). 
Furthermore, low elevation and subtropical oceanic current microclimates (Alloway et al. 2007) 
may have promoted a reduction in body size of L. markhami (and perhaps other sympatric 
Leiopelma) along the West Coast (South Island). 
 
Non-temperature Related Correlations of Postcranial Elements 
Variation in tibiofibulae shape of L. markhami was noticeably different between certain 
geographical regions. Tibiofibulae from the north-west South Island were generally more 
robust than those from the West Coast (South Island) and North Island. Some L. markhami 
tibiofibulae from north-west Nelson (South Island) were remarkably similar in appearance to 
the holotype of L. auroraensis from the southern South Island (Te Anau). This extent of 
differentiation in tibiofibulae shape within L. markhami was not, however, observed for the 
North Island endemic L. waitomoensis, although there was high diagnosability of tibiofibulae 
from eastern and northern North Island. Overall, these intra-specific size and shape differences 
suggest that cryptic taxa may therefore be present within these widespread extinct species.  
 
Diagnosibility of Maxillae 
Worthy (1987b) described two osteological character states in the maxilla: those that have a 
notch anterior to the preorbital process (L. auroraensis, L. markhami and L. hochstetteri), and 
those that do not (L. waitomoensis, L. archeyi, L. hamiltoni and L. pakeka). However, I 
identified two additional character states: 1) those that were broad overall, with a small 
preorbital process and elongated anterior, and 2) those with a shallow notch, expanded 
preorbital process, and an elongated posterior process. Significant inter-specific differences in 
maxilla shape are mainly limited to extinct taxa, yet there were some differences between extant 
taxa, particularly between L. archeyi and L. pakeka. In L. archeyi, the preorbital process was 
relatively reduced and the maxillae more compact compared to L. pakeka. Though these taxa 
are considered osteologically identical except for size (Worthy 1987b), L. archeyi is 
osteologically neotenic, meaning that the level of ossification in this taxon is lower compared 
to all other Leiopelma (Stephenson 1951; Worthy et al. 2013). Hence, this neotenic condition 
likely explains the structural differences that I observed. Maxillae osteology did not vary intra-
specifically across regions, which means that, based on Worthy’s (1987a) and my study, cranial 
elements do not change size with latitude and altitude cf. postcranial elements. In introduced 
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Australian Ranoidea and Litoria frogs, maxilla specimens were distinct from most Leiopelma. 
Maxillae of Ranoidea and Litoria spp. were relatively similar to L. waitomoensis but shared 
more features with evolutionarily derived anuran taxa (e.g. Eleutherodactylus spp., Bochaton 
et al. 2015), such as bearing many teeth and a poorly developed pars facialis. 
 
External Morphology 
Differences in external morphological characters among currently recognised Leiopelma 
species and isolated populations are heavily debated (see Stephenson & Stephenson 1957; Bell 
1978, 1994; Bell et al. 1998a, b). Of importance, initial univariate analyses by Bell (1994) found 
no morphometric differences between L. hamiltoni and L. pakeka. Later multivariate analyses 
of external morphometric characters, however, concluded that there were size differences 
between these taxa (Bell et al. 1998a, b). The extant L. hochstetteri is clearly robust in relation 
to other extant taxa (Bell 1978, 1994). There is no difference externally between all terrestrial 
taxa apart from size (Bell 1978, 1994). The phenotypic similarity between L. hamiltoni and L. 
pakeka was also highlighted by Bell (1978, 1994), Bell et al. (1998a, b), and Newman (1990). 
While some phenotypic differences between L. hamiltoni and L. pakeka are statistically 
significant (Bell et al. 1998a), such differences often equate to ca. 1 mm and are therefore not 
considered biologically relevant (Newman 1990; Bell et al. 1998a) – similar to isolated 
populations of L. archeyi for instance (Bell 1994; Bell et al. 1998b). Considering there is no 
genetic, ecological, skeletal, or external morphometric evidence to support the distinction 
between L. hamiltoni and L. pakeka, I therefore suggest the synonymisation of L. pakeka Bell 
et al. 1998 and L. hamiltoni McCulloch, 1919, with L. hamiltoni retaining taxonomic priority. 
 
Northern North Island populations of L. hochstetteri (Northland and Coromandel) are 
phenotypically conservative, but differentiation is present between these and other populations. 
As modern skeletal material was originally obtained from only the Coromandel population, I 
cannot confirm whether these phenotypic differences are reflected osteologically, and whether 
these represent phylogenetic signals or local ecotypes. However, similar levels of phenotypic 
differentiation are observed in the phylogeographically structured North American sister taxon 
Ascaphus (Metter & Pauken 1969; Roelants & Bossuyt 2005), which comprises two species: 
A. truei and A. montanus (see Nielson et al. 2006).  
 
Phylogeographic Implications, Glacier Driven Evolution and Human Driven Extinctions 
Fossil evidence confirms the presence of Leiopelma in the southern South Island during the 
Miocene 16-19 Mya, shortly after the maximum marine inundation ca. 23 Mya (Worthy et al. 
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2013). The morphological similarity between the Miocene taxon, L. miocaenale, and southern 
NZ late Quaternary Leiopelma suggests that L. miocaenale might be ancestral to Leiopelma of 
the northern South Island (Worthy et al. 2013; Carr et al. 2015). Late Pliocene Leiopelma fossils 
from the eastern South Island also shared several morphological and osteological characters 
with late Quaternary taxa and L. miocaenale – a possible “missing link” between these 
Leiopelma taxa separated by ca. 20 Mya (see Appendices). These Late Pliocene fossils are thus 
significant for three reasons: 1) they represent the holotype for the new species “Leiopelma 
waiparaensis” sp. nov. (name to be finalised), 2) they confirm the first fossil record of 
leiopelmatids during the Pliocene, and 3) these fossils are the first leiopelmatid fossils from the 
eastern South Island. Considering the onset of glaciation occurred during the Late 
Pliocene/Early Pleistocene, these fossils may therefore represent a lineage of Leiopelma that 
became extinct from the eastern South Island due to climatic cooling and the landscape 
becoming arid. 
 
Glaciations during the Pleistocene promoted speciation in alpine taxa (e.g. Aves, 
Dinornithiformes) by severing their continuous distributions transverse to the South Island’s 
Southern Alps (Bunce et al. 2009; Wallis et al. 2016). Leiopelma spp. would likely have been 
affected in a similar way. Given the current limited number of late Quaternary Leiopelma fossils 
from the southern South Island, mainly due to the rarity of suitable fossil sites in the region, the 
distinction between northern and southern Leiopelma assemblages on either side of the central 
transverse zone of the Southern Alps is unclear, but the presumption that L. auroraensis is a 
local derivative of L. markhami may support this glacial–speciation hypothesis (Worthy 1987a; 
Wallis et al. 2016). Leiopelma auroraensis should therefore be retained as a distinct taxon, as 
demonstrated by my multivariate analyses and Worthy’s (1987b) osteological descriptions. 
Osteological characters in fossil material from Mt Nicholas Station, southern South Island, is 
relatively distinct from the extinct L. auroraensis and L. markhami. There were some 
osteological similarities to these taxa, however, which suggests that this fossil material 
potentially belongs to a new taxon of Leiopelma that is closely related to L. auroraensis and L. 
markhami.  
 
Human arrival in the late 13th Century (Wilmshurst et al. 2008) led to the extirpation and 
extinction of many Leiopelma populations (and other species in the herpetofauna), primarily 
due to habitat loss and predation by introduced mammals (e.g. kiore rat, Rattus exulans) 
(Worthy 1987a; Daugherty et al. 1990; Towns & Daugherty 1994). Larger species in the 
herpetofauna, such as L. waitomoensis, were among the first to disappear, while the remaining 
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smaller species became restricted to isolated, relict distributions (Worthy 1987a). However, in 
contrast to the well-resolved fossil record, Fouquet et al. (2010b) and Towns and Daugherty 
(1994) claimed that some extirpations and extinctions of Leiopelma spp. were due to climate 
change. For instance, these studies use the youngest L. hochstetteri fossils from South Island 
for which ages are available, i.e. ca. 10–14,000 BP (Worthy 1987a), to infer that this species 
possibly became extirpated from South Island due to unfavourable climatic conditions (Towns 
& Daugherty 1994; Fouquet et al. 2010b). Fouquet’s et al. (2010b) and Towns & Daugherty’s 
(1994) claims have weak support. There have been no extinctions in the vertebrate fossil record 
during the last 50,000 BP until after human arrival in NZ (Worthy & Holdaway 2002). In 
addition, there is sampling bias in the fossil record as preservation depends on certain 
environmental conditions (i.e. absence of evidence is not evidence of absence). There are also 
very few South Island sites containing Leiopelma that can be stratigraphically distinguished 
into time periods, compared to other sites where larger specimens can be radio-carbon dated or 
biochronological indicators can be utilised (Worthy & Holdaway 1993, 1994, 2002). Finally, 
L. markhami and L. hamiltoni, which were sympatric with L. hochstetteri, persisted in the north-
west South Island until ca. 400 BP, whereas southern South Island (Te Anau) fossils of L. 
markhami come from even younger deposits (ca. 300 BP) (Worthy 1987a; Worthy & Holdaway 
1993, 1994; Worthy & Roscoe 2003). The extirpation of leiopelmatids, including L. 
hochstetteri, from the South Island is therefore likely to be recent and human induced. Indeed, 
Green et al. (1993) and Green (1994) concluded that extirpations of North Island L. hochstetteri 
populations were accentuated after human settlement.  
 
Conservation Implications 
Species translocations are a key tool in managing threatened species in the herpetofauna 
(Germano & Bishop 2009), but these are dependent on recognising species limits and 
taxonomic units, for which there is high uncertainty in Leiopelma (Newman et al. 2013). 
Conservation palaeontology and the utilisation of fossil data within a contemporary context can, 
however, provide insights for managing extant taxa (Bochaton et al. 2015). My results support 
the possibility of extinction of cryptic taxa in Leiopelma and potential major taxonomic 
changes, but in order to test these hypotheses, future research will require a genetic approach 
utilising modern and ancient DNA from late Quaternary fossils. The following chapter reports 
that approach. 
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Chapter Three – Clarifying the Phylogeny within Leiopelma Using 
Modern and Ancient DNA  
 
Introduction  
A primary goal of conservation genetics is to identify, delimit, and protect phylogenetic 
lineages of threatened taxa (Shaffer et al. 2004), yet there is a lack of taxonomic evaluations 
for many animal groups, including amphibians. Anurans are one of the most biodiverse 
terrestrial vertebrates, thus phylogenies of crown group anurans are complex and often undergo 
taxonomic revision in light of new phylogenetic data (Pyron & Wiens 2011; Feng et al. 2017; 
Frost & Darrel 2018). Ensuring that such taxonomic evaluations are rigorous is essential for 
conservation management given the risk of loss of species integrity and extinctions of cryptic 
taxa (Daugherty et al. 1990; Burbidge et al. 2003). Furthermore, there are genetic risks (e.g. 
loss of functional diversity, inbreeding, etc.) depending on whether populations are managed 
separately or inter-mixed (Crandall et al. 2000; Ralls et al. 2018). Evolutionarily basal clades 
are generally overlooked due to the presumption that these lineages are not speciose (e.g. the 
extant Gondwanan vertebrate taxa in New Zealand [NZ], Daugherty et al. 1994; Tennyson 
2010). As such, the taxonomy of the NZ endemic and threatened anuran genus Leiopelma 
Fitzinger, 1861 has been debated for years (Bishop et al. 2013; Newman et al. 2013).  
 
Human arrival in the late 13th Century led to major declines and extinctions for many NZ species 
due to overharvesting, habitat clearance and mammalian introductions (Bell et al. 1985; 
Daugherty et al. 1994; Wilmshurst et al. 2008; Tennyson 2010). In anurans, three species of 
Leiopelma frogs became extinct (L. auroraensis Worthy, 1987, L. markhami Worthy, 1987, L. 
waitomoensis Worthy, 1987), two species were confined to nearshore islands (L. pakeka Bell 
et al., 1998 and L. hamiltoni McCulloch, 1919), and two were restricted to isolated populations 
of the northern North Island (L. hochstetteri Fitzinger, 1861 and L. archeyi Turbott, 1942) (see 
Worthy 1987a, b; Bell et al. 1998a; Figure 1). Fossil evidence suggests that there may have also 
been human-induced extinctions of cryptic Leiopelma taxa (see Chapter Two). Taxonomic 
uncertainties now plague the conservation of the remaining relict frog populations. 
Evolutionarily Significant Units (ESUs) and subspecies receive less conservation attention than 
designated species, hence concerns that management support for target populations may be 
retracted (Holyoake et al. 2001). For example, the recognition of the ‘Nationally Vulnerable’ 
(New Zealand Threat Classification, Townsend et al. 2008) L. pakeka as a distinct species (Bell 
et al. 1998a) is not supported by DNA, morphometric or osteological analyses (Holyoake et al. 
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2001; Newman et al. 2013; Worthy et al. 2013; Thurlow 2015; Chapter Two). Rather, it has 
been suggested that L. pakeka becomes synonymised with the ‘Nationally Critical’ L. hamiltoni 
(see Holyoake et al. 2001; Newman et al. 2013; Chapter Two). Should these taxa become 
synonymised, the threat status of currently recognised L. hamiltoni populations will be reduced 
to that of a lower conservation priority. However, if L. hamiltoni and L. pakeka are recognised 
as a single species, then genetic rescue may be considered as an option to replenish the loss of 
genetic diversity that is expected to have occurred within both these island populations (see 
Chapter Four). It is also possible that L. archeyi and L. hamiltoni/L. pakeka represent a single 
clinal species (Chapter Two). Furthermore, phylogenetic relationships and distinctiveness 
among L. hochstetteri populations are uncertain. Potential cryptic diversity within L. 
hochstetteri has thus been suggested (Green et al. 1993; Green 1994; Gemmell et al. 2003; 
Fouquet et al. 2010b; Gleeson et al. 2010; Bishop et al. 2013; Newman et al. 2013). Populations 
of L. hochstetteri are thereby currently managed as the 13 ESUs conservatively identified by 
Fouquet et al. (2010a) (Newman et al. 2013). Of most concern is the ‘Nationally Critical’ North 
Island Otawa population, Leiopelma cf. hochstetteri “Otawa”, as it is unknown whether this 
population’s genetic structure reflects allelic erosion or local adaptation (Newman et al. 2013; 
Lillie et al. 2015). Based on divergence dating, Fouquet et al. (2010a) suggested that the genetic 
structure of contemporary L. hochstetteri populations originated during the Pleistocene, while, 
in concordance with Green et al. (1993) and Green (1994), the differentiation among 
populations was accentuated after human arrival due to habitat fragmentation. Fouquet et al. 
(2010a) recommended additional genetic data are collected to provide resolution among clades 
in L. hochstetteri. 
 
Clarifying taxonomic entities however does not just influence the degree of management with 
regards to conservation priorities. Identifying species boundaries also has implications for 
conservation translocations to avoid the inter-mixing of genetically distinct populations 
(Frankham et al. 2011). Information on the pre-human distribution of distinct taxa, if known, 
therefore often determines which translocation sites are selected (Seddon 2010) (i.e. a 
geographical location where the genetic integrity and adaptation to local environmental 
conditions are ideally maintained within reintroduced populations – but see Seddon 2010). 
Identifying pre-human distributions remains a fundamental component of reintroduction 
biology as 1) single-species conservation is primarily performed within native ranges, although 
local environments can change due to climate warming, and 2) IUCN reintroduction guidelines 
recommend that reintroduced populations are genetically similar to those that originally 
inhabited the area (Armstrong & Seddon 2008; Seddon 2010; IUCN/SSC 2013). In extant 
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Leiopelma, the pre-human distribution is largely unknown because extant taxa are 
morphologically cryptic (Chapter Two); nonetheless, so-called ‘reintroductions’ (i.e. the 
intentional movement of a species back into its native historical range, Seddon 2010) of L. 
pakeka to the North Island mainland have occurred (Lukis 2009). Other mainland translocations 
have involved L. archeyi which were transferred from Whareorino (Waitomo District, North 
Island) further inland to Pureora Forest (Bishop et al. 2013). It is unclear whether this L. archeyi 
translocation should be considered as an ‘assisted colonisation’ (i.e. the intentional movement 
of a species beyond its natural range to protect it from human-induced threats, Seddon 2010) or 
a reintroduction. 
 
A conservation tool that can clarify uncertainties of taxonomy and pre-human distribution is 
the use of ancient DNA (aDNA) from extinct or locally extirpated taxa (Shepherd & Lambert 
2008). Integrating both ancient and modern DNA provides a broad context for evidence-based 
management of threatened extant taxa due to the ability to gain a full suite of spatial and 
temporal genetic information that spans millennia. That way, we can distinguish between 
natural and anthropogenic impacts on population structure given the availability of data from 
historical and contemporary perspectives (Shepherd & Lambert 2008). Indeed, the use of aDNA 
as a conservation tool has redefined what managers consider as a ‘NZ endemic’ (e.g. Collins et 
al. 2014; Grosser et al. 2016), the pre-human distribution of threatened taxa (e.g. Shepherd & 
Lambert 2008; Shepherd et al. 2012; Rawlence et al. 2015), and, of course, taxonomic units 
(e.g. Rawlence et al. 2015a, 2016a). Obtaining information from aDNA is, however, often 
difficult compared to modern DNA. Degradation of aDNA results in shorter, fragmented reads 
(usually < 200 base pairs [bp]), thus targeting multiple sequences to form a consensus is always 
required. Amplification of aDNA from specimens can also be extremely low depending on 
preservation conditions (e.g. 24 % of bones yielded aDNA in Rawlence et al. 2017a). 
Consequently, aDNA studies – particularly those that use Sanger sequencing – can follow a 
pendulum, where in some cases large sample size compensates for short partial or consensus 
fragments (e.g. Grosser et al. 2016 with n = 119 and a maximum of 107 bp), while in others 
longer consensus fragments compensate for small sample size (e.g. Rawlence et al. 2017a with 
n = 7 and a maximum of 248 bp). Nevertheless, for most cases, aDNA studies have provided 
sufficient phylogenetic information to assign species – especially in morphologically cryptic 
taxa (e.g. Shepherd & Lambert 2008). Moreover, aDNA research has advanced majorly in 
recent years with the development of techniques that allow the sequencing of entire aDNA 
libraries via Next-Generation Sequencing (NGS) and genomic-based platforms (e.g. Illumina) 
(Cole & Wood 2018).  




For this study, I used a Sanger sequencing approach to examine if and how the inclusion of 
aDNA influenced the phylogeny of Leiopelma. In doing so, I tested four main predictions: 1) 
extinctions of cryptic taxa have occurred in Leiopelma shortly after human arrival, 2) L. pakeka 
and L. hamiltoni represent one species, 3) L. archeyi and L. hamiltoni represent a clinal species, 
and 4) the genetic structure of contemporary populations of L. hochstetteri originated before 
human arrival. I also aimed to identify the pre-human distribution of extant Leiopelma taxa. My 
study reiterates the necessity of integrating fossils within phylogenetic research to facilitate 
appropriate, evidence-based management decisions. 
 
Methods 
Source of Specimens 
Modern tissue specimens and DNA extractions of all recognised extant Leiopelma species were 
sourced from existing collections held at Manaaki Whenua Landcare Research and the 
Department of Zoology, University of Otago. Late Quaternary fossils representing the temporal 
and geographical range of Leiopelma were sourced from NZ museums (Table S1, see 
Appendices). Only common elements (e.g. left tibiofibulae) were included in the study to avoid 
pseudo-replication of individuals. 
 
DNA Extraction 
I extracted modern DNA from tissue samples following a modified protocol with 5 % Chelex 
solution, 2 μL Proteinase K (20 mg/mL) and an overnight incubation at 56 °C (Walsh et al. 
2013). For aDNA, 10 specimens representing at least two individuals of the extinct Leiopelma 
markhami (NMNZ S.47292–S.47301) were used as a preliminary test of the feasibility to soak 
out aDNA without destroying diagnostic features of the bones. I collected these specimens from 
Martinborough Cave #1, Ruakokopatuna (southern North Island) in December 2016 and they 
consisted of the following skeletal elements: ilia, tibiofibula, radioulna, urostyle, coracoid, 
angulosplenial, scapula and vertebra. The following aDNA extraction protocol was developed 
by L. Shepherd (NMNZ). In the palaeo-laboratory at NMNZ, a total volume of 211 μL 
comprising EDTA pH 8.0, 10 % SDS and 20–50 mg/ml Proteinase K was added to each 1.5 
mL tube. All tubes were placed in a heat block at 45 ˚C and incubated for 15 minutes, after 
which two specimens (the angulosplenial NMNZ S.47300 and vertebra S.47301) were removed 
and placed into new tubes with 300 μL of MQ water for 15 minutes to wash off the Proteinase 
K in order to prevent further dissolving of the bones. Remaining bones were incubated for a 
total of 35 minutes before being removed and placed in water for 35 minutes. Once all bones 
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were placed in water, 200 μL of buffer AL from the Qiagen DNeasy® Blood and Tissue Kit 
(Germany), and 200 μL of 96–100 % ethanol were added to each supernatant sample, which 
were briefly vortexed after the addition of each solution. Coagulates formed in all samples 
except for the vertebra and angulosplenial, thus coagulated samples were returned to the heat 
block at 45 ˚C for another 10 minutes. Due to even more thickening of the samples after this 
extended incubation at 45 ˚C, the temperature was increased to 56 ˚C for 5 minutes, 70 ˚C for 
10 minutes and 75 ˚C for 10 minutes. Samples were gently flicked every 5 minutes to try and 
dissipate the coagulate. As a potential remedy for the coagulation, 200 μL of Protein Binding 
(PB) buffer (Qiagen) was added to six of the eight coagulated samples (tibiofibula, ilia, 
radioulna, urostyle, coracoid and scapula, NMNZ S.47292 & S.47294–S.47298). The addition 
of PB buffer removed coagulates, thus samples were spun down and supernatant from each 
sample (but not including sediment residue at the bottom) was added to DNeasy columns and 
centrifuged at ≥ 6,000 x g for 1 minute. Columns were placed in fresh collection tubes and 500 
μL of AW1 buffer (Qiagen) was added to each sample. Samples were centrifuged again ≥ 6,000 
x g for 1 minute. Columns were placed in fresh collection tubes and 500 μL of AW2 buffer 
(Qiagen) was added before samples were centrifuged at 20,000 x g for 3 minutes. The collection 
tubes were discarded, and columns placed in 1.5 mL tubes. Ancient DNA was eluted by adding 
40 μL of AE buffer (Qiagen) to the column tube membrane. Samples were incubated at room 
temperature for several minutes before being centrifuged at ≥ 6,000 x g for 1 minute. 
Supernatant in the collection tube was re-added to the column membrane and the samples were 
again left to sit at room temperature for at least 1 minute. Samples were centrifuged as before, 
columns were discarded, and then the 1.5 mL tubes containing aDNA were stored at -20 ˚C for 
PCR. In addition to this study, a dilution from one of these samples was used by Seersholm et 
al. (2018), who targeted other mitochondrial markers (12S and 16S) that were complementary 
to my results (see Discussion). 
 
Bones were dried between lightly moistened paper towels and examined for damage. Only three 
specimens (the scapula NMNZ S.47297, tibiofibula S.47294 and radioulna S.47298) were 
partially damaged. These three specimens were among those that received the longest 
incubation. There was some dissolving of the scapula blade which caused the periphery to 
become translucent and partially fractured, while in the fragmented radioulna and tibiofibula, 
honeycombing and fracturing occurred. The two specimens incubated for only 15 minutes were 
similar in size but were not damaged. Diagnostic features were otherwise retained (Figure 13). 
All other bones sustained no obvious damage. The main effect of the soaking process was the 
discolouration of specimens. Despite bleaching, this soaking technique is well suited for 
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extracting aDNA from well ossified postcranial limb elements of Leiopelma and would be 
suitable for other taxa that are comparable in size. I subsequently used this technique for further 
aDNA extractions but with the following modifications: 1) an incubation time of 15 minutes at 
45 ˚C with an additional 30 minutes at 70 ˚C plus 100 μL of PB for samples that coagulated, 2) 
bones were washed in 500 μL of MQ water for the same length of time as the incubation, and 




Figure 13. Late Quaternary fossils of the extinct Leiopelma markhami (NMNZ S.47292–S.47301) 
showing evidence of bleaching and some structural damage after they were used in the preliminary 
soaking ancient DNA extraction (scale bar = 10 mm). 
 
Primer Design  
Primer design involved sourcing whole or partial mitochondrial genomes and unique 
Cytochrome b (Cyt b) sequences (300–830 base pairs [bp]) from GenBank that were published 
by Holyoake et al. (2001), Fouquet et al. (2010a), Irisarri et al. (2010) and Carr et al. (2015). 
The unpublished whole mitochondrial genomes of L. pakeka and L. hamiltoni developed by 
Thurlow (2015) were kindly provided by M. Butler (Department of Biochemistry, University 
of Otago, Dunedin, NZ). Mitochondrial Cyt b sequences were aligned in the software Molecular 
Evolutionary Genetics Analysis (MEGA) v7.0 (Kumar et al. 2016), along with the primer 
sequences: L14841F, H15149R (Holyoake et al. 2001), CBLeioF and CBLeioR (Fouquet et al. 
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2010a). Specimen details were cross-referenced to ensure independency of the sequences; thus, 
all duplicate sequences from the same specimen were excluded from the analyses. Two 
specimens were identified as having been used in both studies– one individual L. archeyi from 
Whareorino (GenBank: FJ950427 [Fouquet et al. 2010a] & AF231459 [Holyoake et al. 2001]) 
and L. hamiltoni, supposedly sourced from Te Hoiere/Maud I. (GenBank: FJ950426, 
Supplementary Material [Fouquet et al. 2010a]). The latter specimen was reported as L. 
hamiltoni by Fouquet et al. (2010a) as they considered L. pakeka from Te Hoiere/Maud Is. as 
a synonym of L. hamiltoni from Takapourewa/Stephens I. However, upon inspection of the 
aligned sequences, FJ950426 did not match the only Cyt b sequence of L. pakeka reported by 
Holyoake et al. (2001) (GenBank: AF231457) at two base pair sites; instead it was a perfect 
match to the other sequences identified as L. hamiltoni (GenBank: AF231455–56 [Holyoake et 
al. 2001]). This ambiguity therefore implies that the individual FJ950426 is from 
Takapourewa/Stephens Is., and that the reported source location of Te Hoiere/Maud I. by 
Fouquet et al. (2010a) is incorrect. Optimal coverage of the Cyt b sequences (i.e. the region of 
mitochondrial DNA [mtDNA] with the most sequences available) was restricted to a 194 bp 
region that included the forward primer CBLeioF and reverse primer H15149R, hence these 
primers were selected for further aDNA analyses. To sequence short DNA fragments that were 
required for aDNA analyses, two additional primers, LeioCBancF (5′-ACG MGG CAT RTA 
CTA CGG ATC -3′) and LeioCBancR (5′-ATR TTT CAT GTT TCT TTG AA-3′), were 
designed so that the 194 bp could be sequenced as two overlapping fragments.  
 
Preliminary Amplification and Sequencing for Ancient DNA 
In a modern molecular biology laboratory, aDNA primer sets and modern DNA extracts (two 
individual samples from each of the four extant taxa, n = 8) were used to test whether these 
primers would amplify DNA. Eighteen strip tubes were set up: tubes 1–9 were for the first DNA 
fragment (CBLeioF–LeioCBancR), which included a PCR negative and DNA extractions, 
whilst tubes 10–18 were a replicate of these for the second DNA fragment (LeioCBancF–
H15149R). A total volume of 10 μL PCR mix was added to each tube (MgCl2 50 mM, Bovine 
Serum Albumin [BSA] 20 mg/mL, 1 x Buffer, dNTP’s at 2 mM each, Bio-Taq polymerase 
[Bioline], MQ water, 1 μL template DNA, and primers at 10 mM each. Eppendorf Mastercycler 
epgradientS PCR conditions were: initial denaturation of 2 minutes at 94 ˚C, followed by 30 
cycles of 30 seconds at 94 ˚C, 30 seconds at 50 ˚C, 30 seconds at 72 ˚C, and a final extension 
of 4 minutes at 72 ˚C. Gel electrophoresis was performed using 2 % agarose gel and SYBR 
SafeTM DNA gel stain (Life Technologies). Primers successfully amplified mtDNA across all 
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four extant taxa at the expected lengths of 111 and 130 bp (excluding primers) for CBLeioF–
LeioCBancR and LeioCBancF–H15149R, respectively. 
 
Once these aDNA primer sets were confirmed to amplify modern mtDNA, the next stage was 
to trial these primers on aDNA. To do this, another PCR and gel were performed (this time in 
the palaeo-laboratory at NMNZ, see below for the PCR protocol) on the DNA extracts of 
Leiopelma markhami (NMNZ S.47292–S.47301). Primers CBLeioF and LeioCBancR were 
unsuccessful in amplifying aDNA, but primers LeioCBancF and H15149R amplified aDNA for 
all 10 samples at 130 bp. Given the relatively similar intensity of aDNA bands observed in the 
gel, the addition of PB buffer to some samples during extractions did not affect the ability to 
amplify DNA. Polymerase chain reaction products were purified in a non-aDNA laboratory, 
where 2.5 μL of ExoSap (1.5 units of EXO-1 and 1 unit of SAP) was added to each sample 
before being vortexed, followed by incubation in a Programmable Thermal Controller (PTC)-
100TM (MJ Research) at 37 ˚C for 30 minutes, and 80 ˚C for 15 minutes. PCR products were 
sequenced with the primers LeioCBancF and H15149R diluted to 3.2 mM, and MQ water. 
Samples were sequenced in full by Genetic Analysis Services (GAS), Department of Anatomy 
(University of Otago, Dunedin, NZ) using an ABI 3730xl DNA Analyser.  
 
Sequences were examined and trimmed (i.e. primer sequences were deleted) in Chromas Lite 
v2.6.4 before these were imported into MEGA v7.0 for alignment with the Cyt b sequences of 
extant taxa. A consensus sequence of the overlapping Leiopelma markhami fragments was 
produced, which represented a single haplotype (i.e. haploid genotype) for the 10 samples. The 
reason for the unsuccessful amplification of the CBLeioF–LeioCBancR fragment seemed to be 
due to a single base-pair ambiguity (i.e. a degenerate site) in the L. markhami sequence near 
where the beginning of the LeioCBancR primer would have bound (at the 3’ end). Hence, this 
primer sequence was modified by substituting ‘G’ with ‘R’ according to the nucleotide 
ambiguity code (Tipton 1994) and referred to as CBLeioancR1. 
 
Final Amplification and Sequencing for Modern and Ancient DNA 
Modern mtDNA was sequenced in two overlapping fragments: 1) a 300 bp fragment using the 
L14841F–H15149R Cyt b primers from Holyoake et al. (2001), and 2) a longer 400 bp fragment 
using the CBLeioF–CBLeioR Cyt b primers from Fouquet et al. (2010a). Master-mix reagents 
for PCR were the same as before and PCR conditions were set at: initial denaturation of 2 
minutes at 94 ˚C, followed by 30 cycles of 30 seconds at 94 ˚C, 30 seconds at 48 ˚C, 30 seconds 
at 72 ˚C, and a final extension of 4 minutes at 72 ˚C. I used the primers L14841F and H15149R 
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to amplify the short mtDNA fragment in Leiopelma pakeka, L. hamiltoni and L. archeyi. 
Amplification of the short fragment in L. hochstetteri required both primers to be modified to 
account for degenerate sites. Further PCR runs with the same conditions confirmed the new 
primers L14841F1 (5′-CCA WCY AAY ATC TCD RYA TGA TGA AA-3′) and H15149R1 
(5′-CCC CTC AGA ATG AYA TYT GYC CYC A-3′) successfully amplified mtDNA for this 
species. To amplify the longer mtDNA fragment in all extant taxa, I used the following 
modified primers: CBLeioF1 (5′-TAA TMC GAA AYA TSC ATG CC-3′) and CBLeioR1 (5′-
WRR YRA KTA TDA TRK ASA AGC C-3′). Given the high number of variable sites in Cyt 
b for L. hochstetteri (see Fouquet et al. 2010a), I designed primers to sequence a third 
overlapping fragment (270 bp) for this species: LeioF1 (5′-AAA CTC AAA YCC DGA YAA 
AGT-3′) and LeioR1 (5′-YWK DCK YKC CSH TAG TGG TC-3′). Annealing temperature for 
amplifying this fragment was 44 ˚C. Nuclear modern DNA (nuDNA) was amplified for all 
extant taxa (Table S1, Appendices) using the Tyrosinase (Tyr) primers from Fouquet et al. 
(2010a): TyrLeioF2 (5′-TAC AAC AGG ACA TGC AAG TGT C-3′) and TyrLeioR (5′-AGT 
AAG GAA TGG TGA AGT TCT C-3′). Annealing temperature was 48 ˚C. 
 
For aDNA, I could only amplify one fragment (using the primers LeioCBancF & H15149R1) 
that was 85 bp (excluding primers) from fossil Leiopelma. Modifying existing primers, 
designing new primers that targeted the opposite end of the target region (LeioAncF: 5′-TRY 
TTB YAR YYA TAG CAA CAG CYT T-3′ & LeioAncR: 5′-ACR GAG AAS CCY CCY CAA 
ATT CA-3′), and adjusting PCR conditions were unsuccessful for all attempts at amplifying the 
second fragment, which may indicate that there were high levels of extinct polymorphism (i.e. 
polymorphism that is no longer present in modern samples) at the targeted primer-binding sites. 
For the fragment that amplified, I added a total volume of 20 μL PCR mix (MgCl2 25 mM, 
Betaine 5 mM, 1 x Ampli-Taq Gold Buffer II, dNTP’s at 25 mM each, Ampli-Taq Gold 
polymerase [5 units/μL, Applied Biosystems], PCR grade H2O (Roche), 10 mM of each primer, 
and 2 μL of aDNA [replicated neat and 1:10 dilutions] to each 0.2 mL PCR tube. Conditions 
for PCR were: initial denaturation of 10 minutes at 94 ˚C, followed by 60 cycles of 30 seconds 
at 94 ˚C, 30 seconds at 50 ˚C, 1 minute at 72 ˚C, and a final extension of 10 minutes at 72 ˚C. I 
performed two to three replicate PCRs for each ancient DNA sample (neat and 1:10 dilutions). 
I purified all PCR products by mixing 2 μL of USB® ExoSAP-IT® (Affymetrix, USA) with 5 
μL of PCR product prior to incubation in a PTC-100TM at 37 ˚C and 80 ˚C for 15 minutes at 
each temperature. PCR products were combined with primers diluted to 3.2 mM and MQ water 
in preparation for full sequencing by Genetic Analysis Services.  
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Sequence Screening  
Trimmed Cyt b mitochondrial (haploid) sequences for modern and ancient specimens of 
Leiopelma were imported into Geneious v9.1.8 (Biomatters Ltd. 2017) and aligned (with 93 % 
similarity threshold) to produce consensus sequences per individual. All sequences were 
subjected to the Basic Local Alignment Search Tool (BLAST) in GenBank, which aligns target 
sequences with reference sequences of high similarity. This BLAST alignment was to ensure 
that my generated sequences were indeed leiopelmatid, or at least identified as amphibian for 
extinct taxa. In several cases, aDNA was re-extracted from fossil bones at NMNZ to confirm 
the authenticity of sequence results (e.g. NMNZ S.23413). Some sequences revealed 
contamination by bacterial DNA that was likely from the sediment that the fossils were 
originally excavated from. Many sequences were also contaminated by human DNA. This lack 
of primer specificity (considering primers were designed to specifically amplify leiopelmatid 
DNA) was due to targeting what ended up being a highly conserved region of Cyt b. The source 
of this human contamination was likely due to museum specimens being previously handled by 
people without wearing protective gloves. This conclusion is based on three observations: 1) 
fresh PCR reagents still yielded human DNA in affected samples, 2) contaminated sequences 
were primarily from specimens that had been held in museum collections for decades, 3) 
recently excavated fossils (in this case within four months) had virtually no human 
contamination in those that yielded DNA (0.05 % [one out of 22 fossils: NMNZ S.47292–
S.47301 & 12 specimens provided by J. Wood, Manaaki Whenua, Landcare Research]), and 4) 
human DNA sequences varied between samples. Indeed, this observation confirmed Cole & 
Wood’s (2018) suspicion that the soaking out technique may experience a greater risk of 
contamination compared to standard destructive methods. Though there are protocols for 
obtaining target DNA in contaminated samples (e.g. human-specific blocking primers, 
Vestheim & Jarman 2008; Boessenkool et al. 2012), time and cost constraints meant that I was 
unable to perform these trouble-shooting methods. Contaminated sequences were excluded 
prior to analyses.  
 
Final authentic consensus sequences were exported as FASTA files into MEGA v7.0 and re-
checked for any ambiguities/degenerate sites that were not screened earlier. If ambiguities were 
present, these were re-examined within the chromatogram data files in Geneious to see if it was 
justified to change these ambiguities to a specific nucleotide base according to fluorescent peak 
heights where bases overlapped and/or there was a “majority rule consensus” within/across taxa 
(see Rawlence et al. 2016a). In several cases, I changed degenerate sites to the base that was 
represented by the larger fluorescent peak in the original chromatograph files – all these 
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substituted bases were consistent with other individuals either from the same species or 
population at that specific site. In Geneious v9.1.8 (Biomatters Ltd. 2017), I also checked all 
sequences for stop codons and deamination damage. Consensus sequences of nuclear Tyr 
(diploid) modern DNA were generated in Geneious and polymorphic sites identified in DNA 
Sequence Polymorphism (DnaSP) v5.10 (Librado & Rozas 2009). Default settings for the 
PHASE algorithm were used except that the number of Markov Chain Monte Carlo (MCMC) 
model iterations was increased to 1000. Haplotype reconstructions of separated (i.e. phased) 
diploid sequences were exported as a FASTA file for analysis. Haplotype reconstructions were 
also performed for unphased haploid sequences of Cyt b for different combinations of sequence 
length due to the presence of missing data for certain taxa (85 bp, n = 245; 808 bp, n = 154). 
My final datasets consisted of nuDNA and mtDNA sequences of Leiopelma spp. from this 
study, Fouquet et al. (2010a), and Holyoake et al. (2001), plus mtDNA sequences of the North 
American Ascaphus spp., (see Nielson et al. 2001) which were treated as an outgroup. GenBank 
sequences of Cyt b published by Holyoake et al. (2001) still retained five bases from the reverse 
complementary primer sequence H15149R at the 3′ end (i.e. ‘TGA GG’). Likewise, the primer 
TyrLeioR was not removed from the Tyr sequences published by Fouquet et al. (2010a). These 
artificial, primer sequences were therefore trimmed before analyses.  
 
Phylogenetic Analyses 
Three data sets were generated from the aligned Cyt b sequences: 1) modern + ancient (877 bp, 
including missing data), 2) modern + ancient (trimmed to 85 bp only), and 3) modern cf. Tyr 
(877 bp) (i.e. Cyt b sequences from individuals with corresponding Tyr sequences). I examined 
the temporal continuity of mitochondrial haplotypes in populations of Leiopelma via a temporal 
haplotype network in R v3.0.2 (R Development Core Team 2013) with the R function TempNet 
(Prost & Anderson 2006). This analysis required modern + ancient (85 bp only) sequences that 
were divided into ancient (20,972–308 cal years BP) versus modern time bins. I did not include 
Ascaphus spp. as an outgroup in the TempNet analysis because I was only interested in the 
temporal representation of haplotypes within the Leiopelma genus. Given that different codons 
typically evolve at different rates (i.e. experience different nucleotide substitution processes), 
aligned sequences of Tyr (410 bp) and Cyt b (877 bp modern + ancient, and modern cf. Tyr) 
were imported as PHY files into PartitionFinder v2 (Lanfear et al. 2016) and, using Bayesian 
Information Criterion (BIC) and the greedy algorithm (Lanfear et al. 2012), the most supported 
number of partitions were identified. Likelihood scores were generated from the 56 candidate 
models of nucleotide substitution using the Hierarchical Likelihood Ratio Test and Akaike 
Information Criterion.  




I used different nucleotide substitution models for the three codon positions identified in the 
two Cyt b data sets of 877 bp and Tyr alignment. First, for modern + ancient Cyt b (877 bp), 
the most appropriate models were identified as follows: GTR + G (subset sites 1–877\3), SYM 
+ I + G (subset sites 2–877\3), and K81UF + I + G (subset sites 3–877\3). Second, for modern 
Cyt b cf. Tyr (877 bp), the models were: TRN + G (subset sites 1–877\3), SYM + I + G (subset 
sites 2–877\3), and TVM + I + G (subset sites 3–877\3). Third, for Tyr (410 bp), the models 
were: K81UF (subset sites 1–410\3), K81UF + I (subset sites 2–410\3), and TVMEF + I + G 
(subset sites 3–410\3). Preliminary phylogenetic analyses were performed using these models 
(and their respective data set in a FASTA format) in MrBayes v3.2.6 (Ronquist et al. 2012). 
One specimen of L. hochstetteri, ‘Wha103’, did not have a corresponding Cyt b sequence so 
was excluded from the preliminary analyses. These analyses allow all rates to be different (‘nst 
= 6’), and the rate of variation across the position of the first codon was modeled using a gamma 
distribution, with no invariable sites (‘rates = gamma’, i.e. the substitution rate can evolve 
slowly for some sites and evolve quickly for others, Drummond et al. 2007). For Cyt b, 
invariable sites with different rates were employed for positions of the second and third codons 
(‘nst = 6’ and ‘rates = invgamma’, with equal state frequency for the second codon). For Tyr, 
invariable sites with different rates were implemented for the second and third codons, with 
rates = ‘propinv’ and ‘invgamma’, respectively. For all model runs, branch lengths were 
unconstrained with an ‘exponential (100)’. I ran MCMC searches with four chains for 20 
million generations, with trees sampled every 1000 generations and a ‘burn-in’ of 5 million 
generations (i.e. the first 25 % of generations were discarded). I used Tracer v1.6 (Rambaut et 
al. 2014) to ensure that the convergence of parameter estimates was reached across multiple 
runs, and to ensure that the effective sample size (ESS) of these estimates was > 200. I also 
ensured that the potential scale reduction factor (PSRF) approached 1.0 for all parameters and 
that the average standard deviation of split frequencies was less than 0.01. Consensus trees, 
with a support threshold of ≥ 50 %, were viewed in FigTree v1.4.3 (Drummond et al. 2013). 
Additionally, I performed a fast heuristic search of parsimony neighbour-joining trees in 
PAUP* (Swofford, 2002) (with data in a nexus format), which yielded similar tree topologies.  
 
To determine whether modern Cyt b and Tyr phylogenies produced similar phylogenetic 
signals, I implemented a Partition Homogeneity (ILD) test in PAUP by concatenating Tyr 
sequences with the corresponding Cyt b sequences from the same individual. Each gene was 
identified as its own character set. The ILD test was run for 1000 generations with three 
additional sequence replicates. Essentially, the ILD test estimates a parsimony tree for each 
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gene, as well as for the entire combined data set. The number of additional steps required for 
the gene-specific trees to match the concatenated tree is then calculated. This ILD test statistic 
is compared with a null distribution of randomised partitions (of equal size to the empirical 
genes- i.e. 410 and 877 bp) which are repeatedly sampled. Thus, if the ILD for the true partition 
of the data set is predominantly greater than the null, the genes are significantly incongruent (P 
< 0.05) (see Leigh et al. 2011). In the present study the ILD test yielded P = 0.001, but as the 
topology of trees produced by various phylogenetic software was virtually identical (see Figure 
S1 in Appendices for an example), I continued to analyse the Cyt b data under the assumption 
that empirical phylogenetic signals were an accurate representation of natural phylogenetic 
patterns. Differing phylogenetic signals between nuclear and mitochondrial markers were also 
present in Fouquet et al. (2010a), who simply explained that these contrasting signals are a 
result of different evolutionary rates for each gene (see Discussion). Strictly speaking, 
considering there was extremely low signal for Tyr compared to Cytb b (substitution steps = 
0.02 vs 0.05, respectively – see Fig S1 in Appendices), one might argue that in cases like this 
example, the ILD test will always indicate incongruence because we are comparing 
phylogenetic signals that are essentially present (as in Cyt b) and absent (as in Tyr). 
 
Following the ILD test, I imported aligned sequences of Cyt b modern + ancient (877 bp) into 
Bayesian Evolutionary Analysis Utility (BEAUti) v2.4.7 (Drummond et al. 2013) in order to 
convert the data into a XML input file for Bayesian Evolutionary Analysis by Sampling Trees 
(BEAST) v2.4.7 (Bouckaert et al. 2014). Ascaphus spp. were treated as an outgroup for this 
final phylogenetic analysis in BEAST. I followed the best-fit substitution model BEAUTi 
v2.4.7 specifications provided by Bagley (2016) and performed three replicates of 50 million 
generations, with trees sampled every 1000 generations, for both the Yule Model and Birth + 
Death Model priors. In LogCombiner v2.4.7 (Bouckaert et al. 2014), I combined all BEAST 
output files (tree and MCMC) with a burn-in of 25 % for both prior models. In Tracer, I 
examined both these combined prior model runs to ensure that model convergence and other 
criteria (e.g. ESS > 200) were met. If both prior models met these assumptions, then I would 
have compared these prior models using the likelihood AICM test (Baele et al. 2012) with a 
bootstrap of 1000 replicates. This comparison was unnecessary as the ESS for the Birth + Death 
Model did not exceed 200 for several parameters, hence I considered the Yule Model as the 
model of best fit. A maxclade credibility consensus tree was therefore generated for the Yule 
Model in TreeAnnotator v2.4.7 (Bouckaert et al. 2014) with a posterior probability threshold 
of ≥ 0.5, trees sampled every 100,000 generations, and node heights representing common 
ancestors. The final consensus tree for the Yule Model was examined in FigTree.  




Divergence Time Analysis 
Radiocarbon dates of fossil Leiopelma (uncorrected for calendar variation for years before 
present i.e. 1950 AD) were sourced from the literature reported in Chapter Two, including a 
wider literature search with regards to fossil site descriptions from which these fossil Leiopelma 
were collected (Worthy 1987a, 1991; Worthy & Holdaway 1993, 1994, 2000; Worthy et al. 
2002; Huynen et al. 2003; Worthy & Roscoe 2003; Hay et al. 2008; Hogg et al. 2012; Wood 
et al. 2012) (Table S1, see Appendices). Fossils of Leiopelma are too small to be radiocarbon 
dated directly, thus the age of these fossils is indirectly based on other material collected from 
the same time-averaged layer within fossil deposits (e.g. moa eggshell) (Worthy 1987a). 
Radiocarbon dates were calibrated using OxCal v4.3 (Bronk Ramsey 2009) and the Southern 
Hemisphere calibration curve (SHCal13) (Hogg et al. 2013). Calibrated ages were reported as 
95.4 % confidence ages in years BP. Mean calibrated ages for fossil sites (i.e. an average of all 
layer ages) were calculated for specimens that did not have an associated layer date. Collection 
dates of modern specimens from the literature (e.g. Fouquet et al. 2010a) were assumed to have 
ages < 20 years. I then standardised calibrated ages in years before present (at the time present 
was AD 2016). Undated specimens were excluded from the initial analysis so that the 
evolutionary rate could be estimated on empirical data and extrapolated to these other 
specimens afterward. Using modern and ancient (877 bp) sequences, I performed three 
replicates of 100 million generations of the Constant Population coalescent demographic model 
for two priors in BEAST; one with the Relaxed Log Normal Clock Model and the other with 
the Strict Clock Model. The Relaxed Clock Model was run so that I could account for possible 
variability in the molecular evolutionary rate across the entire genus of Leiopelma. Although 
the Constant Population coalescent model assumes a panmictic population over time (contrary 
to the population sub-division observed in some Leiopelma spp., see Fouquet et al. 2010a), I 
decided not to perform other demographic coalescent models which required larger data sets, 
or assumed exponential growth in population size (Miller et al. 2009a; Rawlence et al. 2015b) 
– a feature clearly contradictory to population trends observed in Leiopelma frogs.  
 
To control for potential influences of missing sequence data, I repeated this step for modern 
and ancient (85 bp) sequence data. For these data, three codon positions were identified in 
PartitionFinder with the models: GTR (subset sites 1–85\3), K80 + I (subset sites 2–85\3), and 
HKY + I (subset sites 3–85\3). These models’ respective priors were specified in BEAUTi (see 
Bagley 2016) before running the analysis in BEAST. Output of replicate runs were combined 
in LogCombiner for each model with a burn-in of 25 %. The four combined MCMC outputs 
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were again viewed in Tracer to compare levels of convergence and to ensure model assumptions 
were met across models and data sets. Regardless of the data set, the performance of the Relaxed 
Log Normal Clock Model was unsatisfactory. Further, model assumptions were not met using 
the 877 bp data set (with missing data included). I therefore continued with the analysis using 
only the 85 bp data set with the Strict Clock model prior. Three clock rates were estimated by 
this model prior for the first, second and third codon positions, which comprised geometric 
(weighted) mean substitution rates with 95 % highest posterior density (HPD) intervals (see 
values represented in red in Figure S2, see Appendices). These HPD intervals represent the most 
compact interval that contains 95 % of the posterior probability for a given model parameter 
(Drummond et al. 2013). These substitution rates were extremely low (< 6e-07, Figure S2, see 
Appendices) compared to the average substitution rate of 0.0057 reported by Fouquet et al. 
(2010a) for populations of L. hochstetteri. Such low substitution rates were an early indication 
that the 85 bp genetic data did not contain sufficient temporal information due to a 
predominance of shallow depth (< 2000 Ka) and general lack of genetic data. To assess this 
further, I used the date-randomisation test described by Ho et al. (2011). This analysis tests the 
reliability of estimates for the substitution rates (Rawlence et al. 2015b) by comparing the 
empirical substitution rate against a null distribution. Calibrated radiocarbon dates were 
randomised across sequences for 20 replicates via the ‘RandomDates’ function in the package 
‘TipDatingBeast’ (Rieux & Khatchikian 2017) in R v3.4.3. A plot of the 95 % confidence 
intervals for a single empirical run and 20 randomised runs was generated in R using the 
‘PlotDRT’ function in the package ‘TipDatingBeast’ (Figure S2, see Appendices). If the 
empirical geometric mean substitution rate was not contained with the 95 % CI of the 
randomised runs, then there was sufficient temporal genetic structure and hence reliable rate 
estimation (Ho et al. 2011; Rawlence et al. 2015b; Rieux & Khatchikian 2017).  
 
There was valid temporal structure for clock rate one, (Figure S2a, see Appendices) but not for 
clock rates two and three (Figure S2b–c, see Appendices) – thus confirming an overall lack of 
genetic changes driven by temporal variation. Despite the extremely low substitution rates and 
overlap between the null, and empirical estimates in the latter clock rates, (Figure S2, see 
Appendices), I included these Strict Clock priors in further analyses on the basis that the models 
may still detect the loss of genetic diversity post-human arrival. Indeed, the DRT test performed 
in Rawlence et al. (2015b) also indicated insufficient temporal structure in Leucocarbo shags; 
however, additional analyses of other coalescent priors (those that I was unable to perform 
because of low sample size and violated assumptions) were congruent in demonstrating human-
induced population bottlenecks (Rawlence et al. 2015b). I attempted to perform three replicates 
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of 50 million generations for the Yule Model as before, but with the three clock rate estimates 
and their respective 95 % HPD intervals set as either gamma (first codon) or uniformally (i.e. 
fixed) (second and third codons) distributed priors. Unfortunately, all runs were terminated by 
BEAST as the priors were indeed insufficient. I thus did not pursue this analysis any further.  
  
Results 
For modern nuDNA (Tyr), I sequenced up to 410 bp from 22 individuals across all extant taxa, 
including those from populations not previously sampled. These 44 (diploid) sequences were 
combined with 172 published Tyr sequences (404 bp, Fouquet et al. 2010a). After removing 
duplicate sequences from each individual, 133 Tyr sequences from 108 individual frogs 
remained (25 out of 108 frogs were polymorphic at the Tyr gene). Of the 410 bp sequenced, 
two sites were variable but parsimony-uninformative (< 0.01 %) whereas 31 sites were variable 
and parsimony-informative (7.6 %). Thirty-three phased haplotypes were identified, but only 
one of these was found in L. hamiltoni and L. pakeka, and one in L. archeyi. The remaining 31 
haplotypes were restricted to L. hochstetteri (Figure S1, see Appendices).  
 
For mtDNA, I sequenced Cyt b from 136 individuals, which included 45 ancient and 91 modern 
samples across the genus. Combined with 116 published Cyt b sequences (Holyoake et al. 2001; 
Nielson et al. 2001; Fouquet et al. 2010a), my complete mtDNA data set consisted of 252 
individuals (including two individuals of Ascaphus spp. as an outgroup), and up to 877 bp. For 
the 91 modern DNA samples, I sequenced 857 bp in L. hochstetteri and 595 bp for the remaining 
taxa. Of the 877 bp, 58 sites were variable but parsimony-uninformative (6.6 %) whereas 262 
sites were variable and parsimony-informative (30 %). Exploration of the full Cyt b sequences 
for L. pakeka and L. hamiltoni (≤ 595 bp) revealed only one and two haplotypes, respectively. 
Similarly, 14 out of 15 individual L. hochstetteri from Otawa shared a single haplotype when 
examining the sequence length of 808 bp – except for FJ950421, which had ambiguities. A 
total of 59 haplotypes were identified in L. hochstetteri (808 bp, n = 154).  
 
I could only amplify aDNA for a single 85 bp fragment in 45 out of 86 individuals. I was 
unsuccessful in amplifying the other overlapping fragment despite targeting both ends of the 
initial target region of 194 bp and trialling different thermocycling conditions. However, within 
this dataset all recognised species were represented and most of the geographical, and temporal 
range (late Pleistocene–Holocene) was also represented. For aDNA, three sites were variable 
but parsimony-uninformative (3.5 %) and 31 sites that were variable and parsimony-
informative (36.5 %). When combining modern plus ancient samples, I recorded 28 
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mitochondrial haplotypes in Leiopelma frogs (85 bp, n = 250), of which 18 are now extinct. 
Two ancient sample haplotypes were shared with modern samples of L. archeyi and L. 
hochstetteri (Figures 14B & C).  
 
The final consensus tree revealed three clades with weak to strong support (≥ 0.86 PP) from 
modern and ancient Cyt b (Figure 15). The clade comprising populations of the extant L. 
hochstetteri plus the clade representing the extinct L. auroraensis and L. markhami each 
received strong support (1.00 PP). However, the relationships between them and the remaining 
taxa received low support. The third clade included the extant terrestrial Leiopelma species (L. 
archeyi, L. hamiltoni and L. pakeka). The extinct L. waitomoensis (collected from the southern 
North Island), two ancient samples of unidentified Leiopelma spp. from the northern South 
Island, and five samples of unidentified Leiopelma spp. from the western South Island each 
formed deeply diverging lineages that grouped in this clade, although relationships between 
them were unresolved. 
 
Phylogeographic structuring was observed within some clades. Leiopelma hamiltoni, L. pakeka 
and fossils from north-west Nelson were each distinguished in the tree. However, the level of 
differentiation between these groups was comparable to that seen between populations of L. 
hochstetteri and L. markhami. In the deeply diverged L. archeyi, the Waitomo District 
population was distinct from all other mainland populations, including fossils from Waipu 
(Northland, North Island) and Te Waka (Hawkes Bay, North Island). Within L. hochstetteri 
geographically isolated populations generally formed their own sub-clades. My sampling 
identified that this species previously occurred in Northland and Hawkes Bay. Within the L. 
auroraensis and L. markhami clade only a single haplotype was detected in L. markhami 
samples from the southern South Island, and this same haplotype was also sequenced from the 
L. auroraensis holotype, NMNZ S.23413. The sample of L. markhami from the southern North 
Island also formed a distinct subclade. Overall the extinct L. markhami had the most widespread 
distribution, occurring throughout mainland NZ (Figures 14A & 15).  
  




Figure 14. Haplotype network of mtDNA Cytochrome b (85 bp) from Leiopelma frogs (n = 250), for 
A) L. markhami, B) L. archeyi, L. hamiltoni, L. pakeka, L. waitomoensis and unidentified Leiopelma 
spp., and C) L. hochstetteri. Oval sizes in haplotype networks are proportional to haplotype frequency. 
Edges between haplotypes or nodes (small solid black circles) represent single mutational steps. Colours 
within haplotypes correspond with geographical locations in New Zealand (fossil sites in bold, current 
sites not in bold). Dashed hollow circles represent fossil locations where ancient DNA was unobtainable. 









































Figure 15. Phylogeny of New Zealand Leiopelma frogs using mitochondrial Cytochrome b (85–877bp, 
n = 250), rooted on the outgroup comprising Ascaphus spp. Posterior probabilities indicate node support. 
Abbreviations: NWN = north-west Nelson (South Island), WC = West Coast (South Island) and SSI = 
southern South Island. 
 
Discussion 
The purpose of this study was to assess whether the use of aDNA would provide more resolution 
for the taxonomy and pre-human distribution of Leiopelma frogs. Although not without 
challenges (e.g. contamination, extinct polymorphism at targeted primer-binding sites, etc.), my 
study has proven that aDNA can be extracted non-destructively from small late Quaternary 
fossils, and that historical data (e.g. museum skins, fossils, etc.) indeed provide important 
insights for the conservation of threatened taxa, just as previous studies have revealed (e.g. Dietl 
& Flessa 2011; Tracy & Jamieson 2011; Groombridge et al. 2012).  
 
 




Genetic Diversity of Leiopelma 
As a genus, Leiopelma frogs have suffered a major loss of genetic diversity and therefore 
experienced genetic bottlenecks within the past millennium. At the species level, modern 
haplotype diversity is also limited, especially in L. pakeka and L. hamiltoni. Across three studies 
(Holyoake et al. 2001; Fouquet et al. 2010a; this study), 27 individuals of L. pakeka shared the 
same haplotype (≤ 595 bp). Likewise, two haplotypes were identified from 29 individual L. 
hamiltoni (≤ 595 bp). Haplotype diversity (≤ 877 bp) is higher in L. archeyi and L. hochstetteri 
(see also Holyoake et al. 2001; Fouquet et al. 2010a), but within population haplotype diversity 
is low for most populations of L. hochstetteri, particularly Otawa (this study). Low intraspecific 
genetic variation in L. hochstetteri has also been recorded using nuclear, microsatellite markers 
(Clay et al. 2010; Gleeson et al. 2010; Lillie et al. 2015). Loss of genetic diversity was likely 
caused by humans as since the late Pleistocene no extinction of NZ vertebrates is known to 
have occurred until after human arrival (Worthy & Holdaway 2002). This case study of 
Leiopelma frogs is thus yet another example of how aDNA continues to reveal the severity of 
human impacts on NZ’s vertebrate fauna (e.g. Collins et al. 2014; Salis et al. 2016; Rawlence 
et al. 2017a, b; Seersholm et al. 2018).   
 
Phylogeny of Leiopelma 
Overall, ancient DNA has revealed that the extinct North Island endemic L. waitomoensis is a 
distinct species that belongs to the clade comprising extant terrestrial Leiopelma spp., where it 
forms a strong sister relationship to L. hamiltoni and L. pakeka. In comparison, the extinct L. 
auroraensis and L. markhami forms a sister clade to the extant L. hochstetteri. These 
phylogenetic relationships are congruent with the affinities proposed by Worthy (1987b) based 
on osteology and morphology – though Worthy (1987b) inferred L. waitomoensis to be sister 
to all extant terrestrial Leiopelma spp. As the node support for the branch position of L. 
waitomoensis was low, and possibly an artefact of long branch attraction (Susko 2015), more 
aDNA data (i.e. longer sequences) are therefore needed. Based on the morphology and 
widespread geographical distribution of L. waitomoensis, I would also assume that this species 
had a similar genetic structure to that recorded in L. markhami and L. hochstetteri. In particular, 
relatively deep divergences within the clade representing L. auroraensis/L. markhami and the 
formation of clades from the western, and northern South Island, suggest possible extinctions 
of cryptic diversity, which supports my first prediction.  
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The genetic difference between the currently recognised L. hamiltoni and L. pakeka was 
minimal, which supports my second prediction and Holyoake et al. (2001) in that these taxa do 
not warrant separate species status and hence should be synonymised. This conclusion was also 
advocated by Thurlow (2015), who sequenced and analysed 13,789 bp from the mitochondrial 
genomes of both these taxa, and who reported a genetic difference of less than 1.5 %. Moreover, 
in Chapter Two, I suggested that L. archeyi and L. hamiltoni/L. pakeka may represent a single 
clinal species. Worthy (1987b) also emphasised that L. archeyi shared many similarities with 
L. hamiltoni (e.g. regarding osteology, reproduction, ecology, physiology, and karyology, see 
Stephenson et al. 1972, 1974; Bell 1978, 1985; Cree 1985, 1988). Mitochondrial genomic data 
reported by Carr et al. (2015) implied negligible phylogenetic differences between these taxa, 
along with data in Thurlow (2015) who quantified a genetic difference of ca. 5–6 % between 
their whole mitochondrial genomes. The relatively deep divergence of the clade comprising L. 
archeyi observed in this study suggests that this taxon is indeed a distinct species and thus 
negates my third prediction that L. archeyi and L. hamiltoni represent a single, clinal species. 
As Holyoake et al. (2001) also noted, the genetic difference between populations of L. archeyi 
from the western and eastern North Island was comparable to the level of genetic differentiation 
that distinguishes L. pakeka from L. hamiltoni. The uncertainty of the relationship between L. 
archeyi, L. waitomoensis and the other extant terrestrial taxa likely results from a lack of data. 
 
As expected, populations of L. hochstetteri were highly structured, with at least 59 haplotypes 
(808 bp, Cyt b) identified from across all known populations (Fouquet et al. 2010a). Haplotype 
sharing among populations was restricted only to those in geographically close proximity (see 
also Fouquet et al. 2010a). Combined with Tyr data from Fouquet et al. (2010a), I identified 33 
nuclear haplotypes. In congruence with Fouquet et al. (2010a), phylogenetic affinities among 
populations were very similar with regards to nuDNA compared to the generally unique 
mtDNA haplogroups. This contrasting pattern is because nuclear genes are slower to evolve 
than mitochondrial markers (Fouquet et al. 2010a). This slow evolutionary rate was clearly seen 
by the low phylogenetic signal indicated by the Tyr sequences in the present study 
(approximately 8 % compared with up to 30 % for Cyt b). Historical connectivity among 
populations in geographic proximity was considered by Fouquet et al. (2010a) to be minimal, 
thus they concluded that isolated populations are evolving independently and should be 
recognised as 13 distinct ESUs. Despite additional data to those in Fouquet et al. (2010a), my 
results still showed no resolution with regards to the relationships among clades due to the 
incongruity between genetic structure and geographical distribution. Like these genomic 
results, there is no phylogeographical congruence among highly polymorphic chromosomal 
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characters that have been identified across populations of L. hochstetteri (see Green et al. 1993; 
Green 1994), but while Fouquet et al. (2010a) and Daugherty et al. (1981) indicated late 
Pleistocene origins, Green et al. (1993) and Green (1994) believed that L. hochstetteri did not 
occupy contemporary ranges until after the Last Glacial Maximum. In the present study, genetic 
differentiation among pre-human (since extirpated) and extant populations of L. hochstetteri 
was similar, suggesting that the origins of existing population structure precede human arrival 
(thus supporting my fourth and final prediction, although unable to be explicitly tested by the 
divergence time analysis). Managing the main populations of L. hochstetteri as the 13 ESUs 
identified by Fouquet et al. (2010a) is therefore the most appropriate conservation strategy 
given the evidence available.  
 
A sister relationship between L. hochstetteri and the extinct L. markhami was confirmed by 
mitochondrial markers in this study and in Seersholm et al. (2018). One Cyt b haplotype was 
identified from fossils collected from Te Anau (NMNZ S.23413 & S.46431) and Queenstown 
(CM 2017.3.89–90, 214–215, & 312) in the southern South Island. This haplotype included the 
holotype and single representative of L. auroraensis (NMNZ S.23413) and those previously 
identified morphometrically as a southern clade of L. markhami (Worthy 1987a, b; Chapter 
Two). Given the conflicting morphological and osteological evidence I re-examined this result 
by independently extracting aDNA from two elements (tibiofibula and humerus) of the partial 
skeleton NMNZ S.23413. Therefore, despite morphological and osteological evidence 
indicating that these taxa warrant separate species status (Worthy 1987a, b; Chapter Two), 
molecular evidence suggests that L. auroraensis and individuals previously identified as L. 
markhami from the southern South Island should be considered a single taxon. Mitogenome 
data will be necessary to test this hypothesis. I was unable to extract aDNA from an 
indeterminate fossil (OM VT839) discovered at Forest Hill, Southland, South Island (Worthy 
1998). This fossil is a femur that was considered by Worthy (1998) to be intermediate between 
L. auroraensis and L. markhami. However, it is likely that the fossil OM VT839 is related to 
this southern lineage. The distinct clades comprising fossils of Leiopelma spp. from the western 
and northern South Island, which were closely related to the extant terrestrial taxa, indicate 
possible human-driven extinctions of cryptic taxa. Indeed, the clade from the western South 
Island persisted from the late Pleistocene until the Holocene (see Table S1 in Appendices, 
Figures 14 & 15).  Further ancient DNA analyses will be required to clarify their identities, 
however.  
 
Pre-Human Distribution of Leiopelma  
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The pre-human distribution of extant Leiopelma taxa reported by Worthy (1987a) was based 
on morphological and osteological descriptions of fossil Leiopelma collected from throughout 
NZ. As such, the morphologically cryptic nature of extant taxa obscured the true distribution of 
each taxon, hence there was apparent sympatry for most of these taxa (see Worthy 1987a & 
Fig. 2.1 in Chapter Two). Indeed, I only recorded genetic evidence of the lineage representing 
L. hamiltoni from the northern South Island. Seersholm et al. (2018) also recorded aDNA of L. 
hamiltoni from this region, plus one other distinct lineage nested within the L. archeyi/L. 
hamiltoni clade. No fossils of L. archeyi were described at the time of Worthy’s (1987a) study, 
but fossils tentatively referred to this taxon were since reported from the Waitomo District and 
Northland region of the northern North Island. Although I was unsuccessful in extracting aDNA 
from fossils sourced from Waitomo, given the nearby sympatric and contemporary populations 
of L. archeyi and L. hochstetteri, these taxa would have inhabited a wider localised range in the 
past (Worthy 1987a; Bishop et al. 2013). Fossils identified as L. hochstetteri or classified as 
indeterminate from Northland and the eastern North Island (see Worthy 1991; Worthy et al. 
2002), yielded haplotypes identified as L. hochstetteri and L. archeyi. Therefore, we now have 
genetic evidence that the pre-human distribution of L. archeyi ranged across the central and 
northern North Island, including conserved genetic links to the northern South Island 
(Seersholm et al. 2018). Though the haplotype for L. archeyi from the eastern North Island was 
identical to a contemporary population in the northern Thames-Coromandel District, which 
would imply possible historical population connectivity, haplotype sharing in this case is 
unlikely to reflect gene flow. Apparent haplotype sharing between the extirpated eastern North 
Island population of L. hochstetteri and a contemporary population inhabiting the north-eastern 
North Island suggests similar historical connectivity but again is unlikely to reflect historical 
gene flow.  
 
Given the genetic confirmation of the pre-human presence for extant taxa in the southern South 
Island and central/northern North Island, there is surprisingly no indication of extant taxa 
existing between these regions (i.e. in the Wairarapa and Wellington Districts, southern North 
Island). The southern-most North Island fossil of an extant Leiopelma spp. was discovered in 
Pahiatua, Manuwatu (CM AM81a). This fossil tibiofibula is osteologically mature and is 
comparable in size to L. archeyi (total length = 10.1 mm); however, aDNA was unattainable 
from this specimen, so I cannot genetically confirm whether it is this taxon. Even more 
surprising is that there has been no fossil material of extant Leiopelma spp. discovered from 
one of the North Island’s richest late Holocene fossil deposits – Ruakokopatuna, in the southern 
Wairarapa. Only the extinct L. markhami and L. waitomoensis have been described from this 
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site (morphologically and genetically) despite substantial quantities of fossils and sediment 
excavated from the many limestone cave and sinkhole systems that have formed in this 
landscape (pers. obs.). Over a century’s worth of collected Ruakokopatuna fossil material 
remains unregistered at NMNZ (pers. obs.), thus it is possible that fossils of extant Leiopelma 
spp. may be discovered in the future when this material is eventually catalogued.  
 
As implied by the fossil record, L. hochstetteri was considered by Worthy (1987a) to be present 
in the northern and western South Island. This postulated pre-human distribution was partly 
supported by aDNA; L. hochstetteri was identified from the northern South Island, but 
indeterminate fossils from the West Coast represented a single haplotype that was more closely 
related to extant terrestrial Leiopelma spp. These results therefore do not verify the idea 
proposed by Fouquet et al. (2010b) who suggested that fossil evidence indicates the extinction 
of a cryptic taxon of L. hochstetteri from the western South Island. Nevertheless, Seersholm et 
al. (2018) did not detect L. hochstetteri in their sampling from the northern South Island, 
whereas I did. As such, I cannot conclude that L. hochstetteri was absent from the western South 
Island region just because I did not detect this species there. The extinct L. markhami was the 
most widespread leiopelmatid species, with its distribution extending from the southern South 
Island up to the northern-most North Island (see also Worthy 1987a, b; Chapter Two). Even at 
a regional scale, L. markhami inhabited vast areas. For instance, in the northern South Island, 
L. markhami was distributed across multiple locations cf. a single site where extant taxa were 
found (Seersholm et al. 2018). The extinct North Island endemic L. waitomoensis was also 
widespread as determined by this species’ diagnostic osteology and morphology. In contrast, 
the extinct Aurora Frog possibly had a wider localised distribution than previously thought but 
was endemic to the southern South Island (Worthy 1987a, b; Chapter Two; this Chapter). It is 
important to note too that adequate sampling is essential to confirm that apparent absences of 
haplotypes (and therefore taxa) are real and not a result of insufficient sample sizes (see Provan 
& Bennett 2008). 
 
Phylogeography of Leiopelma 
For millions of years, the endemic species making up NZ’s herpetofauna have persisted in a 
climatically and geologically volatile, Gondwanan-relict landscape. For instance, during the 
Oligocene marine inundation ca. 35–25 Ma, Zealandia was likely to have been reduced to 
scattered islands which included the landmasses of the present day northern North Island and 
southern South Island (Bunce et al. 2009; Carr et al. 2015). Paleogeographic reconstructions 
suggest that the northern landmass was uplifted in a progressively southward direction but 
Chapter Three: Phylogenetic Relationships________________________________________________ 
74 
 
remained separated from the larger southern landmass for ca. 25 Ma (Bunce et al. 2009). 
Terrestrial inhabitants on these major landmasses would thus have been isolated since at least 
the Miocene; as such, endemic North Island or South Island biota would descend from northern 
and southern Miocene origins, respectively (Bunce et al. 2009). North Island endemism in 
skinks (Oligosoma spp.) is congruent with this evolutionary model (Bunce et al. 2009; Chapple 
et al. 2009). In species distributed throughout the NZ mainland, such as moa (Dinornithormes) 
and tuatara (Sphenodon punctatus), there are no genetic splits that correspond to a divergence 
25 Ma, but Miocene fossils from the South Island indicate southern ancestral origins (see Bunce 
et al. 2009; Jones et al. 2009). The lineage comprising L. auroraensis/L. markhami and L. 
hochstetteri is also presumed to have originated from the south given Miocene fossil evidence 
(ca. 19–16 Ma, Worthy et al. 2013). Based on molecular dating and fossil calibration, the 
separation of L. hochstetteri and L. archeyi lineages was considered to have occurred prior to 
the Oligocene (Carr et al. 2015). Roelants et al. (2007), in contrary, suggested a divergence 
sometime between ca. 73–32 Ma. Further, Daugherty et al. (1981) tentatively inferred that L. 
archeyi and L. hamiltoni separated into northern and southern North Island lineages, 
respectively, during the Pliocene. With the endemism of L. waitomoensis to the North Island 
and its close affinity with L. archeyi and L. hamiltoni, this clade therefore appears to descend 
from a northern origin. Hence, the two main clades of Leiopelma frogs may represent southern 
and northern connections. Such a deep divergence time separating the L. archeyi and L. 
hochstetteri lineages was why Carr et al. (2015) raised the question as to whether each lineage 
deserves its own genus within the family Leiopelmatidae. There are insufficient data in this 
thesis to enable conclusions to be drawn for this comment, but it is an interesting idea 
nonetheless that is worthy of future investigation with regards to whole mitogenome analyses. 
Constraining molecular divergence times by additional fossil calibration points (e.g. from 
Roelants et al. 2007, Worthy et al. 2013, and this study regarding the Pliocene frog fossils – 
see Chapter Two and Appendices) would be useful in testing such an idea.  
 
Following the turnover of subtropical Miocene biota, mountain uplift and climatic cooling 
during the Pleistocene (Craw et al. 2013; Wallis et al. 2016) promoted glacial-driven speciation 
in many alpine taxa on either side of the central transverse zone of the South Island’s Southern 
Alps (Wallis et al. 2016). These transverse phylogenetic splits generally originated during the 
onset of the Pleistocene glaciations (ca. 2 Ma), and in many cases have conferred species status 
on the associated lineages (Wallis et al. 2016). However, based on morphological data alone, 
the distinction between northern and southern assemblages of Leiopelma spp. was unclear (see 
Chapter Two). Although obtaining only short 85 bp sequences of aDNA meant that poor 
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phylogeographical resolution was present, there was some distinction across extinct South 
Island lineages of Leiopelma spp. Indeed, there were three extinct clades that were 
phylogeographically concordant. These clades included the L. auroraensis/L. markhami lineage 
from the southern South Island and the lineages sister to L. archeyi/L. hamiltoni from the 
western and northern South Island. Moreover, the high diversity among lineages from the 
northern South Island and North Island lineages of L. hochstetteri reflect Pleistocene glaciations 
severing the continuous distribution of resident assemblages (see Fouquet et al. 2010a; Wallis 
et al. 2016; Seersholm et al. 2018). Such phylogeographic structuring is an indication that, 
during glaciations, the species was widely distributed among refuges rather than experiencing 
range retraction and recolonisation events (see Shepherd & Lambert 2008; Fouquet et al. 
2010a). Importantly, distinguishing between refugial and recolonised populations is relatively 
straightforward (Provan & Bennett 2008). For instance, refugial populations that have persisted 
through glaciations have longer demographic histories than recolonised postglacial populations. 
Higher levels of genetic diversity therefore tend to be present in the former compared to the 
latter because drift differentiates geographically isolated refugial populations while founder 
events and bottlenecks erode diversity in recolonised populations. Though the admixture of 
lineages from separate refugia during recolonisation may also lead to regions comprising high 
genetic diversity (i.e. contact zones), refugial populations generally harbour unique haplotypes 
that have not contributed towards recolonising/founder events (Provan & Bennett 2008).  
 
Based on postulated tree-lines and the assemblage of small birds in local fossil records, lowland 
forest and/or shrubland is believed to have persisted throughout glaciations along the western 
South Island (McGlone 1988; Worthy & Holdaway 1993). Continuous vegetation implies 
limited glacial-induced habitat fragmentation, but while low haplotype diversity recorded in 
Leiopelma spp. from the southern South Island may support this hypothesis, relatively high 
diversity detected along the western South Island suggests otherwise. Indeed, in the northern 
South Island, for instance, there appeared to be a turnover of grassland-low scrubland 
vegetation into tall shrubland-low forest prior to the Holocene, by which stage beech forest 
became established, much like habitat of the present day (Worthy & Holdaway 1994). Glacial 
refuges thus comprised heterogenous habitats, hence the presence of genetic structuring in 
widespread species such as the habitat generalist L. markhami, which was distributed along 
coastal to inland lowland forests, sub-alpine zones, and even scrub/grasslands (Worthy 1987a; 
Seersholm et al. 2018; this study). The onset of the periglacial Holocene ca. 14 Kya, which led 
to glacial retreat and sea-level rise, also isolated refugial populations on insular islands. These 
species included the extant L. hamiltoni/L. pakeka on Te Hoiere/Maud I. and 
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Takapourewa/Stephens I. (northern South Island) and the extinct L. markhami found on Lee I. 
(Lake Te Anau, southern South Island) (see Gibb 1986; Worthy 1987a; Suggate 1990; Lewis 
et al. 1994; Thurlow 2015).  
 
Interestingly, there was a close phylogenetic relationship between samples of L. markhami from 
the northern South Island and some from the southern/eastern North Island (see also Seersholm 
et al. 2018). Phylogenetic affinities that bridge the Cook Strait were also recorded in two species 
of kiwi (Apteryx sp.) (see Shepherd & Lambert 2008; Shepherd et al. 2012). Such genetic 
linkage is unsurprising given the geologically recent formation of this geographical barrier (ca. 
0.5 Ma) (Shepherd & Lambert 2008; Shepherd et al. 2012). In contrast, there is clear 
phylogeographic structure across the western and eastern North Island populations of L. archeyi 
and L. hochstetteri (see also Fouquet et al. 2010a). Phylogeographical splits between 
assemblages across the western and eastern North Island exist in multiple taxa, including brown 
kiwi and the fern Asplenium hookerianum (see Shepherd et al. 2007; Shepherd & Lambert 
2008). During the past 2 Ma, volcanic events along the Taupo Volcanic Zone, central North 
Island, would have undoubtedly promoted these phylogenetic radiations (Shepherd et al. 2007), 
and particularly affecting nearby populations such as L. hochstetteri from Ranginui (Fouquet et 
al. 2010a). Indeed, physical evidence deposited during eruptions (e.g. tephra, carbonised plant 
material, etc.) within the cave deposit at Te Waka, eastern North Island, indicates widespread 
destruction of the surrounding habitat (Worthy et al. 2002). Populations of L. archeyi and L. 
hochstetteri from the western and eastern North Island, for instance, would have experienced 
dispersal barriers that promoted distinct locally-adapted haplotypes. 
 
Human-Mediated Extinctions and Conservation Implications 
Mammalian introductions and rapid habitat clearance rapidly followed Early Polynesian arrival 
in NZ in the late 13th Century, and European settlement during the 1800s (Bell et al. 1985; 
Daugherty et al. 1994; Wilmshurst et al. 2008; Tennyson 2010). During the Holocene, 
vegetation in the southern South Island for instance, comprised a mosaic of indigenous 
grasslands, scrub, and podocarp forests (Worthy 1998), but their destruction due to human-
induced fires and mammalian grazing was a major factor that led to the extirpation of many 
small endemic species (Wood 2007). Elsewhere, such as in the northern North Island, 
vegetation during the Holocene comprised primarily dense podocarp forests due to the wet 
climate; most of these forests have been cleared by humans which led to the extinction and 
extirpation of the local herpetofauna (see Worthy 1991). Moreover, the New Zealand 
herpetofauna is highly vulnerable to predation by introduced mammals (Whitaker 1978; 
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Newman 1988; Thurley & Bell 1994; Cree et al. 1995; Towns et al. 2007; Egeter et al. 2015; 
Knox et al. 2017; Egeter et al. in review). For example, Whitaker (1978) reported predation by 
mice on an adult copper skink (Oligosoma aenea) and tuatara (Sphenodon punctatus), while 
Thurley & Bell (1994) and Egeter et al. (2015) reported rat predation on Leiopelma frogs. It is 
therefore unsurprising that many reptiles and amphibians have become extinct or extirpated 
from the NZ mainland (Daugherty et al. 1994; Towns & Daugherty 1994).  
 
This study has shown that multiple genetically distinct lineages of Leiopelma, including at least 
three species, are now extinct. In particular, the last known population of the most widespread 
species, L. markhami, became restricted to an insular island in Lake Te Anau, southern South 
Island, before its demise several centuries ago (Worthy 1987a). Extinctions of cryptic taxa are 
likely to have also occurred, as inferred by several distinct clades from the South Island. For 
the remaining extant taxa, populations have suffered major range retractions and genetic 
bottlenecks (see also Seersholm et al. 2018). Such major loss of genetic diversity emphasises 
the importance of maximising the retention of genetic diversity that remains within managed 
populations in order to enhance their viability in the long-term – a concept I explore for the 
remainder of this thesis. Though there is concern regarding the repercussions of synonymising 
L. pakeka and L. hamiltoni as the single species L. hamiltoni (see Holyoake et al. 2001, for 
example), given that the foundation of preserving biodiversity is to protect evolutionary 
potential (Vignieri et al. 2006), I would advocate that the natural populations (and respective 
founder populations) of L. hamiltoni and L. pakeka be managed as two separate ESUs. 
Holyoake et al. (2001) and Thurlow (2015) also recommended managing L. hamiltoni and L. 
pakeka in the same way, though Holyoake et al. (2001) did warn that demographic concerns 
may outweigh genetic concerns if these populations were managed separately. Moreover, I 
would recommend that L. archeyi is managed as two separate ESUs representing the Waitomo 
District and Thames-Coromandel District populations of the North Island. As for populations 
of L. hochstetteri, these are best represented as the ESUs identified by Fouquet et al. (2010a). 
Indeed, conserving multiple populations/ESUs would ensure the preservation of genetic 
diversity among isolated populations that are on separate evolutionary trajectories (Vignieri et 
al. 2006; Buckley et al. 2011), though for some taxa like L. hamiltoni and L. pakeka, it may be 
appropriate to consider genetic rescue as a management option (see Chapter Four).  
 
The identification of pre-human distributions can also complement other criteria used to select 
reintroduction sites (Shepherd & Lambert 2008). For example, Easton et al. (2016) investigated 
whether structural habitat for L. hochstetteri was present at a potential release site in the 
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southern South Island. Though habitat was deemed available (Easton et al. 2016), there is no 
genetic or fossil evidence to suggest that L. hochstetteri, or any extant taxa for that matter, 
inhabited the region historically. Any translocation of Leiopelma spp. to this site would thus be 
an introduction and presumably fall under the criteria of assisted colonisation (i.e. the 
intentional transfer of animals outside their known range to minimise detrimental impacts of 
major environmental changes, Seddon 2010). Translocations of L. archeyi from the North 
Island Thames-Coromandel to Hawkes Bay District, however, would meet the criteria of a 
reintroduction (see Seddon 2010), including the guidelines by the IUCN in that reintroduced 
populations should be genetically similar to the original inhabitants (IUCN/SSC 2013) – even 
though the extinct unique haplotype from Hawkes Bay indicates local adaptation. Other criteria 
of reintroduction biology will require investigating (see Armstrong & Seddon 2008) prior to 
any serious considerations of reintroducing L. archeyi to the eastern North Island. These criteria 
would also apply to L. hamiltoni/L. pakeka transferred to the mainland, as the most closely 
related lineages to contemporary populations have only been recorded from fossils in the 
northern South Island (Seersholm et al. 2018; this study). Now that the taxonomic entities of 
Leiopelma spp. have been defined, the remainder of this thesis focuses on how conservation 
authorities can ensure the demographic and genetic viability of relict contemporary populations. 
For consistency’s sake, and to avoid confusion with regards to the literature, I continue to refer 
to the frog population on Te Hoiere/Maud I. (and subsequent founder populations, e.g. Motuara) 
as L. pakeka rather than L. hamiltoni.  
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Despite earlier debates regarding the influence that genetic factors (e.g. inbreeding) have on 
long-term population viability (e.g. Caro & Laurenson 1994; Jamieson 2007a, b), the 
importance of conservation genetics is generally acknowledged among conservation biologists 
(Keller & Waller 2002; Jamieson 2015; Frankham et al. 2017). Genetic considerations are a 
useful conservation management tool given that managed populations are typically small and 
hence vulnerable to factors such as drift and population sub-division (Boessenkool et al. 2007; 
Jamieson et al. 2007, 2008; Armstrong & Seddon 2008; Groombridge et al. 2012). Even so, an 
adequate integration of genetics in the management of wild populations is lacking (Frankham 
et al. 2014, 2017; Ralls et al. 2018). A notable example is amphibian conservation as even 
though the number of amphibian translocations continues to increase (Germano 2006; Germano 
& Bishop 2009), genetic studies typically focus on the impacts that habitat fragmentation have 
on genetic variation (e.g. Andersen et al. 2004; Burns et al. 2004; Beebee 2005; Allentoft & 
O’Brien 2010). An understanding of the interactions between extrinsic (e.g. habitat quality) and 
intrinsic (e.g. genetic) factors is paramount, especially if translocated populations undergo 
further population bottlenecks and/or suffer from enhanced genetic-related mortality if stressful 
conditions are present at release sites (e.g. Keller & Waller 2002; Jamieson et al. 2007, 2008; 
Jamieson & Lacy 2012; Taylor et al. 2017).  
 
In New Zealand (NZ), conservation management of the endemic and threatened leiopelmatid 
frogs has relied heavily on translocations for several decades. Translocations have occurred for 
terrestrial Leiopelma spp. (L. archeyi, L. pakeka and L. hamiltoni) but not for the semi-aquatic 
L. hochstetteri (see Bishop et al. 2013; Easton et al. 2016). Though there has been some 
research on genetic variation in L. hochstetteri in recent years (see Clay et al. 2010; Gleeson et 
al. 2010; Lillie et al. 2015), the genetic variation of other Leiopelma taxa has not been assessed.  
Translocations of terrestrial Leiopelma spp. have therefore focused on mitigating extinction risk 
from stochastic environmental and/or pathogenic events (e.g. Tocher & Pledger 2005). By no 
means does this imply that genetic factors always deserve the same priority as deterministic 
factors that drive extinctions or declines (Jamieson 2007a). Jamieson (2007a, b) emphasised 
that we need to shift our focus along what is essentially a continuum of factors that influence 
extinction probability. Specifically, we need to address genetic factors that will potentially 
affect the long-term persistence of populations, both with regards to their roles in extinction 
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processes and, perhaps more importantly, possible roles in population recovery (Jamieson 
2007a, b). Hence, determining the genetic diversity of naturally small and translocated 
populations is a priority for Leiopelma species management (Bishop et al. 2013).  
 
Indeed, all species of Leiopelma share a similar demographic history, in that populations have 
experienced major declines or extirpations (Chapters Two & Three). Of the four currently 
recognised Leiopelma species, two were extirpated from mainland NZ because of habitat loss 
and predation by introduced predators following human arrival (Worthy 1987a; Bell et al. 
1998a). Fortuitously, these species survived as single populations on two isolated, pest-free 
nearshore islands, where these small refugial populations were restricted to during glacial 
periods (Chapter Three;  
Figure 16). One of these species, L. pakeka, was restricted to a 16 ha native forest remnant 
(a.k.a. ‘Main Block’) on Te Hoiere/Maud I. (309 ha) in the Marlborough Sounds ( 
Figure 16), an island that was intensively farmed for over a century (Germano 2006). The 
average population size of frogs on Te Hoiere/Maud I. is estimated to be ca. 35,000 (Le Roux 
& Bell 2007) and was considered stable (Bell & Pledger 2010) until relatively recently; 
however, declines in long-term monitoring grids are now observed (Bell 2016). 
Translocations of L. pakeka to other pest-free nearshore islands in the Marlborough Sounds 
(Motuara and Kokomohua/Long I.) and to a North Island mainland sanctuary (Zealandia, 
Wellington) have occurred, along with the intra-island translocation to a gully that leads down 
to Boat Bay, Te Hoiere/Maud I. ( 
Figure 16, Table 5).  
 
The other island-relict frog species, L. hamiltoni, was only present on Takapourewa/Stephens 
I. (150 ha), Cook Strait, until a small founder population was translocated to Nukuwaiata 
(Figure 16), roughly a decade after a trial intra-island release (Table 5). On 
Takapourewa/Stephens I., habitat clearance following the establishment of a lighthouse station 
in 1894, and subsequent farming confined the frog population to a 600 m2 (0.06 ha) rock pile 
devoid of vegetation near the summit (a.k.a. ‘Frog Bank’, Newman 1977; Bell 1985a). Forest 
clearance on the island ironically improved conditions for predatory tuatara (Sphenodon 
punctatus), thus presumably promoting unnaturally high densities of these reptiles and 
subsequent predation pressure on the frogs (Newman 1977; Tocher et al. 2006). Despite re-
vegetation of the surrounding area, potential predation pressure by tuatara and extreme weather 
conditions have restricted L. hamiltoni to this small site (Brown 1994; Tocher et al. 2006). 
Consequently, the population size has remained low (perhaps 300 individuals) and is possibly 
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at its carrying capacity (Tocher et al. 2006). The extinction risk for L. hamiltoni is thus higher 
than other Leiopelma frogs, especially as island populations are genetically and 
demographically more vulnerable than mainland populations (Frankham 1997).  
 
The two mainland species include Leiopelma hochstetteri, which is distributed across the 
northern North Island, albeit in multiple fragmented and isolated populations, and L. archeyi at 
two natural locations: Whareorino and Coromandel (including the site, Tapu) (Figure 16). 
Translocations have not occurred for L. hochstetteri, although some have been proposed 
(Easton et al. 2016). Two translocations have occurred for L. archeyi from Whareorino to 
Pureora. An earlier translocation of L. archeyi from an unknown source location to Kapiti I. 
was unsuccessful (Bell 1985a) (Figure 16, Table 5). Population size estimates for L. archeyi 
and L. hochstetteri are unknown but have been tentatively categorised at 5,000–20,000 and 
>100,000 individuals, respectively, based on the population size categories presented by the 
NZ Threat Classification System (Bishop et al. 2013; Newman et al. 2013). Monitoring grids 
of L. archeyi at Whareorino and at Coromandel indicate currently stable populations, which 
suggest that the Coromandel population has not recovered from an earlier decline of nearly 90 
% (Bell et al. 2004b; Bell 2010; DOC, unpublished data). Population monitoring at Pureora 
indicates an increase in population size (DOC, unpublished data), but these results are 
questionable as rapid population growth in a relatively short period of time is uncharacteristic 
for long-lived species like Leiopelma and contrasts with other monitored releases (see Bell et 
al. 2004a). 
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Table 5. Summary of translocations for Leiopelma frogs in New Zealand. Release locations in bold 
represent unsuccessful translocations. 




L. pakeka 1984 Maud I. Maud I. 43 Bell et al. 2004a 
 1985 Maud I. Maud I. 57 Bell et al. 2004a 
 1997 Maud I. Motuara 300 Tocher & Pledger 2005 
 2005 Maud I. Long I. 98 Germano 2006 
 2006 Maud I. Zealandia 60 Lukis 2009 
 2012 Maud I. Zealandia 101 Karst 2013 
 2014 Maud I. Motuara 300 Bell & Bishop 2018 
L. hamiltoni 1992 Stephens I. Stephens I. 12 Brown 1994 
 2004 Stephens I. Nukuwaiata 40 Gaze & Cash 2008  
 2006 Stephens I. Nukuwaiata 31 Gaze & Cash 2008  
L. archeyi 1924/25 Unknown Kapiti I. 15 Bell 1985a 
 2000 Whareorino Pureora 70 Bishop et al. 2013 
 2016 Whareorino Pureora 60 DOC, unpublished data 
 
Given the information above (and results from Chapters Two & Three), the severity, duration, 
and frequency of population bottlenecks experienced in the genus Leiopelma likely differs 
between species. Firstly, historical population bottlenecks would have likely been more severe 
for L. pakeka and L. hamiltoni compared to the mainland species as population declines were 
presumably larger in these taxa. Additional historical population bottlenecks possibly occurred 
on the islands as frogs are likely to have been widespread prior to intra-island habitat clearance 
(Bell 1982; Brown 1994; Bell et al. 2004a). Secondly, natural island populations tend to have 
lower genetic variation than mainland populations because of founder effects (Frankham 1997; 
Boessenkool et al. 2007). Thirdly, we would expect that the translocation of a small number of 
founder individuals from a genetically diverse source population would simulate larger 
population bottlenecks than translocated populations sourced from genetically depauperate 
natural populations (Allendorf 1986; Frankham 1997; Boessenkool et al. 2007; Jamieson et al. 
2007; Taylor & Jamieson 2008; Groombridge et al. 2012).  
 
Based on these three circumstances, I aimed to test three predictions about the genetic variation 
in populations of Leiopelma frogs, with a primary focus on terrestrial taxa for which there have 
been no previous genetic assessments. My first two predictions were: 1) island-relict taxa (L. 
hamiltoni & L. pakeka) have lower genetic variation compared to mainland taxa (L. archeyi and 
L. hochstetteri), and 2) the genetic representation of the parental populations would be higher 
in translocated populations sourced from islands than those sourced from the mainland. To test 
my second prediction, I used L. pakeka as a proxy for island taxa as samples from translocated 
L. hamiltoni were not available. Evidence nonetheless suggests that these taxa should be 
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synonymised (Holyoake et al. 2001; Thurlow 2015; Chapters Two & Three). Unavoidable 
caveats in the present study however meant that these first two predictions could not be 
explicitly tested (see below). Furthermore, if low genetic variation is present in small natural 
and translocated populations of Leiopelma, then such populations could potentially experience 
inbreeding depression due to an increase in the expression of deleterious recessive alleles within 
inbred homozygous individuals (Jamieson et al. 2007; Taylor et al. 2017). Consequently, the 
probability of population persistence may be lowered, though the immediate impact of 
inbreeding depression per se may not necessarily be high should the population expand 
relatively quickly (Taylor et al. 2005; Jamieson et al. 2007; Boessenkool et al. 2007; Taylor et 
al. 2017). However, the impact of inbreeding depression is likely to be greater in translocated 
populations with slower growth rates and longer generation times, like that of Leiopelma (see 
Bell et al. 2004a), or on those released into stressful environments (e.g. areas with high 
predation pressure, Bell et al. 2010; see Frankham et al. 2002; Jamieson et al. 2007). Indeed, 
possible signs of inbreeding depression in L. hamiltoni have been indicated by the lower fertility 
of captive L. hamiltoni compared to captive L. pakeka (see Bell 1982, 1985a, 2002), an 
inference that is supported by studies that have investigated fitness-inbreeding correlations (e.g. 
Andersen et al. 2004; Grueber et al. 2017; Taylor et al. 2017). To test my third prediction that 
inbreeding is present in Leiopelma frogs, I estimated internal relatedness (IR, Amos et al. 2001) 
for each studied population. Considering lowered genetic diversity and the impact of inbreeding 
depression could limit adaptation to long-term environmental changes, the current management 
of small populations is only a solution in the short-term (Boessenkool et al. 2007). Future 
conservation of small Leiopelma populations may therefore be restrictive, but this investigation 
into their contemporary genetic diversity will provide insights into how managers can optimise 
retention of the existing genetic variation. 





Figure 16. Location of Takapourewa/Stephens I. and Te Hoiere/Maud I., including other locations 
referred to in this chapter. Enlarged figures of Takapourewa/Stephens I. and Te Hoiere/Maud I. were 
modified from Newman (1977) and Bell et al. (2004a), respectively. 






Samples were sourced from the modern extractions utilised in Chapter Three, sloughed skin 
swabs of wild frogs, toe-clips, plus one specimen of L. archeyi provided by the NZ 
Department of Conservation (DOC). The single specimen of L. archeyi provided by DOC was 
found dead at Whareorino (in 2017) and was stored in 70 % ethanol. In the field, swab 
samples were collected from L. archeyi at Whareorino and at the translocation site, Pureora ( 
Figure 16). Auckland Zoo staff also provided swab samples of individual L. archeyi collected 
from Whareorino that were to be released during the supplementary translocation to Pureora 
in 2016. I also swabbed frogs from these sites (n = 40 from Whareorino and n = 8 from 
Pureora) in the same year. Skin swabs and/or toe-clips of L. archeyi (from Tapu, Coromandel, 
Figure 16) and L. pakeka (Boat Bay and Main Block, Te Hoiere/Maud I.,  
Figure 16) were provided by P. Dewhurst and B.D. Bell in 2017. Toe clips of L. archeyi from 
Whareorino were sourced from frozen samples in the Department of Zoology, University of 
Otago, and were originally collected by Eggers (1998).  
 
Field collection of genetic samples involved swabbing emergent frogs at night with cotton dry 
swabs (Tubed Dryswab®, Medical Wire & Equipment, UK) on their ventral and dorsal surface 
to collect the sloughed skin. Each frog swabbed was handled with a new pair of latex gloves. 
Frogs were immediately placed back to their point of capture before commencing the search 
and sampling of other frogs. To avoid possible re-sampling of the same individual, samples 
were collected along a transect line in one direction only. After collection, several drops of 70 
% ethanol were added to swabs.  
 
DNA Extraction, Purification, and Next Generation Sequencing 
The cotton tip of each swab was cut off and inserted into separate 1.5 mL tubes, which were 
then left to dry to ensure that the ethanol had evaporated. Approximately 1–2 mm3 pieces of 
tissue were removed from each individual toe-clip, diced with sterile forceps, and placed into 
separate 1.5 mL tubes. For both swab and tissue DNA extractions, I used a DNeasy® Blood and 
Tissue Kit (Qiagen, Germany) following manufacturer’s instructions with the following 
modification: for swabs, I produced my own lysis buffer, which comprised 20 mg lysozyme per 
mL of buffer (added immediately before buffer use), 20 mM Tris-HCl pH 8, 2 mM EDTA pH 
8, 1.2 % and Triton-X-100 98 %. I also re-extracted DNA for a subset of the tissue specimens 
used in Chapter Three using the Qiagen kit. After I measured DNA extractions using a 
Chapter Four: Genetic Diversity_________________________________________________________ 
86 
 
NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific, USA), it was clear that some 
Chelex tissue extractions (from Chapter Three) and swab samples required further purification 
to remove potential contaminants/PCR inhibitors and increase DNA concentration. DNA 
concentrations for Chelex and swab extractions were 1–15 ng/μL, compared to 17–40 ng/μL for 
the Qiagen tissue extractions. For Chelex extractions, I therefore followed the standard sodium 
acetate protocol in Sambrook et al. (1989) by ethanol precipitating the DNA, vacuum drying at 
45 °C, and resuspending the DNA in 20 μL of MQ water. For swab extractions, 30–50 μL of 
the supernatant was combined with 1 mL of absolute ethanol, 1 μL of GenElute LPA (Sigma), 
and 5 μL of 5 M lithium chloride. Samples were briefly mixed, left for an hour, then centrifuged 
at ≥ 10,000 x g for 15 minutes. Ethanol was poured off and replaced with 1 mL of 70 % ethanol, 
left for 10 minutes, and centrifuged again at ≥ 10,000 x g for 15 minutes. Ethanol was poured 
off and samples were dried in a vacuum centrifuge. DNA pellets were resuspended in 20 μL of 
MQ water. Samples were re-measured on the spectrophotometer which showed that most 
samples had doubled their DNA yield and that the quality of DNA had somewhat improved 
according to 260/280 ratios.  
 
To provide high quality DNA for Next Generation Sequencing (NGS), I sourced four frozen 
tissue samples of Leiopelma frog (one for each species) from the Department of Zoology, 
University of Otago. Department of Conservation authorisation numbers for the holding and 
original collection of these specimens are as follows: 25418-RES (Ohmer et al. 2013), 40695-
DOA and 24194-FAU (Germano 2010). Small sections (≤ 2 mm3) of these tissue samples were 
added to 1.5 mL tubes, where I then followed a standard phenol-chloroform DNA extraction 
(Sambrook et al. 1989). I resuspended each DNA sample in 100 μL of MQ water. Once again, 
DNA quantity and purity were measured using a spectrophotometer. The concentrations and 
260/280 ratios for these samples were 41–625 ng/μL and 1.83–1.92, respectively. These 
samples were sent to NZ Genomics Ltd for Nextera DNA library preparation and pooling for 
an Illumina MiSeq 2X 250 base PE run.  
 
Primer Design and PCR Optimisation 
Trimmed NGS data were imported into Geneious v9.1.8 and consensus contigs assembled de 
novo (i.e. assembly with no reference DNA sequence). Consensus NGS contigs for each frog 
species were then exported as FASTA files into the primer designing software msatcommander-
1.0.8-beta (Faircloth 2008). This programme searched for microsatellites under the following 
criteria: 1) dinucleotides, trinucleotides and tetranucleotides only, 2) repeat regions had to be 
uninterrupted, and 3) amplicons between 90–450 bp in length. Candidate primer sets (forward 
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and reverse) were produced for each frog species (n = 201 primer sets across all four species). 
In the program R v3.4.3 (R Development Core Team 2017), I merged the msatcommander 
outputs with the consensus contigs and converted these combined data into a FASTA file using 
the package ‘seqinR’ (Charif & Lobry 2007). Primer sequences and their contig consensus 
sequences were aligned in Sequencher 5.1. Where duplicate microsatellites were found, only 
one primer pair was tested further. The candidate primer set comprised 91 pairs from this study 
(Table S2 in Appendices) and four of the 11 polymorphic loci identified by Clay et al. (2010) 
(GenBank accession: Lhoc08, Lhoc11, Lhoc13 & Lhoc23). The universal fluorescent-labelled 
M13(-21) primer sequence was attached to all forward candidate primers (Schuelke 2000).  
 
All primer sets were trialled in single-plex PCRs that included 1 μL of DNA (dried) in 0.2 mL 
tubes placed in an Eppendorf® Concentrator plus for 5 minutes at 45 °C on a vacuum aqueous 
setting. Each 2 μL reaction comprised the following reagent mix: 1 x Qiagen® Type-it Multiplex 
PCR Master Mix, 2 μM M13 fluorescent label dye (FAM, VIC, NED, or PET), forward (0.04 
μM) and reverse (0.16 μM) primers. One droplet of mineral oil was added to each tube before 
I centrifuged and placed them inside an Eppendorf® Mastercycler epgradientS set at the 
following amplification conditions: initial denaturation at 95 ˚C for 15 minutes, followed by 8 
cycles of 30 seconds at 94 ˚C, 90 seconds at 60 ˚C, 60 seconds at 72 ˚C; 25 cycles of 30 seconds 
at 94 ˚C, 90 seconds at 52 ˚C, 60 seconds at 72 ˚C, and a final extension for 30 minutes at 60 
˚C. PCR products were diluted to 1:10 with MQ water and pooled for each individual prior to 
being genotyped on a 3730xl DNA Analyser (Applied Biosystems) by Genetic Analysis 
Services (Department of Anatomy, University of Otago). Genotype results were examined in 
GeneMapper® v4.1 (Applied Biosystems) to identify which primers amplified DNA and 
whether the loci were polymorphic or monomorphic. These preliminary results indicated that 
further optimisation was required given poor allele amplification and the difficulty in scoring 
the microsatellites that appeared to have amplified.  
 
Forty-two out of 95 (44 %) potential microsatellite loci that appeared to have amplified were 
screened further in the following optimising stage. Rather than trialling species-specific loci on 
their respective taxon, loci developed for terrestrial taxa (L. archeyi, L. hamiltoni and L. pakeka) 
were cross-amplified across these taxa to increase the likelihood of identifying polymorphic 
loci as these species are more closely related than to the semi-aquatic L. hochstetteri (see 
Holyoake et al. 2001; Carr et al. 2015; Chapter Three). The primers designed for L. hochstetteri 
were only tested on this taxon; indeed, approximately half of the loci designed for L. 
hochstetteri cross-amplified in L. hamiltoni (see Clay et al. 2010). The next stage was to 
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perform a multiplex PCR. First, these 42 loci were visualised in Multiplex Manager 1.2 
(Holleley & Geerts 2009) to determine optimal runs during PCR so that the overlap of loci and 
the number of required PCR runs were minimised. Based on the multiplex alignments, I 
assigned loci to non-overlapping, relative size groups: small (e.g. 110–180 base pair lengths), 
medium (e.g. 230–300 bp), and large (e.g. 350–400 bp). Second, multiplex PCRs were 
performed following Townsend et al. (2012), but with a modification to the thermocycling 
conditions on an Eppendorf Mastercycler Pro: 95 ˚C for 5 minutes; 8 cycles of 30 seconds at 
94 ˚C, 90 seconds at 60 ˚C, 45 seconds at 72 ˚C; 25 cycles of 30 seconds at 94 ˚C, 90 seconds 
at 52 ̊ C, 40 seconds at 72 ˚C; and 30 minutes at 60 ˚C. Genotyping results were again examined 
in GeneMapper. Of the 42 screened microsatellite loci, five polymorphic loci were identified 
for terrestrial taxa, and six polymorphic loci for L. hochstetteri (Table 6, see Table S2 in 
Appendices for further details). The remaining loci were either monomorphic or could not be 
scored with confidence.   
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Table 6. Final polymorphic microsatellite loci used for genotyping of Leiopelma spp. 
Species Locus Sequence (5′–3′) Source 
Leiopelma 
hochstetteri 
Lhoc11 Forward - ATG TCA CTG CAG AGG AGG 
Reverse - TCG CGT TCA TTT CTA CTG TGT G 
Clay et al. 2010 
 Lhoc13 Forward - TCC ATA GAG AAC CGA AAC ATC 
Reverse - ACG GAC GGC CAA TAC CAT C 
Clay et al. 2010 
 Lhoc32 Forward - TCT CAC TGG TGG CTG AAT CC 
Reverse - AGT ATG AAG TGG GCT GAC GC 
This study 
 Lhoc34 Forward - CAC ATT GCC TTG TCC TTC CC 
Reverse - GAT TGT TGC CTG GAG TGC TG 
This study 
 Lhoc35 Forward - GGG ATT CAG GAC AAA CAA ATG C 
Reverse - CTG TGT ACA CCG TCC TTG AC 
This study 
 Lhoc41 Forward - ACA TGG GCC GGT AGA TTG TG 




Lham06 Forward - CAT TGA AGA TCC GTG GCT GC 
Reverse - GCT TCA TTT AGT GCA CCC GG 
This study 
 Larc08 Forward - CAC ACA CCG CGT ACT CCT AG 
Reverse - GAA GAC CTG AGA GTG TTG GAC 
This study 
 Lpak17 Forward - CTC TGT CGT GTC CTA CCT CG 
Reverse - ACC CTC CTC AGA AGA CCA AAC 
This study 
 Lpak21 Forward - ACC AGG TGT TGT CTC CCT ATG 
Reverse - ACC CAG AAC TAC TAA TTC GAC G 
This study 
 Lpak25 Forward - GCG AGA TTG ATT TGC GAG TAA C 




A total of 105 individual Leiopelma were genotyped for the microsatellite loci presented in 
Table 6. These included 48 L. pakeka (n = 21 from Boat Bay, n = 27 from Main Block, Te 
Hoiere/Maud I.), 12 L. hamiltoni (Takapourewa/Stephens I.), 24 L. hochstetteri from across all 
known populations, and 21 L. archeyi (n = 6 from Tapu, n = 15 from Whareorino) (Figure 16). 
I excluded the samples of translocated L. archeyi for two reasons: 1) the eight swabs collected 
from the original (2006 release) translocated population at Pureora yielded poor DNA quantities 
( < 4 ng/μL, compared to ~ 6 ng/μL from other swabs), and 2) drift and founder events associated 
with translocation were not comparable between L. archeyi swabbed by Auckland Zoo staff 
prior to the 2016 release and L. pakeka at Boat Bay because the population at Boat Bay had 
already been established for > 30 years (see Bell et al. 2004a). Founder events and genetic 
bottleneck signals are derived from initial mortality in the founder population following their 
release (Jamieson et al. 2007). As such, I discontinuted investigating the prediction regarding 
mainland versus island translocation effects. Individuals were genotyped following the 
optimised PCR conditions described above, but rather than just adding 1 μL of DNA from the 
purified swab extractions, I added 3 μL. To check for genotyping error, 10 % of all samples 
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were genotyped again and the error rate per allele was calculated by dividing the number of 
mismatches by the total number of alleles (Hoffman & Amos 2005; Weston et al. 2016). 
 
Analyses 
Allele sizes were manually scored in GeneMapper v4.1 (ThermoFisher). I used Micro-Checker 
v2.2.4 (Oosterhout et al. 2004) to check for null alleles (i.e. an allele which does not amplify 
during PCR due to substitutions at primer-binding sites, Allendorf & Luikart 2007) and/or large 
allele drop-out. Tests for Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) 
were performed for separate populations in GENEPOP v4.7 (Rousset 2008), which involved 
the MCMC method with 10,000 dememorisations, 1000 batches, and 10,000 generations. To 
account for multiple comparisons, significance levels were adjusted using the Bonferroni 
correction (Rice 1989). I calculated the mean number of alleles per locus (Na) and 
observed/expected heterozygosity (Ho/He) using GenAlEx v6.502 (Peakall & Smouse 2012.). 
Genotype data in GenAlEx were exported as various formatted files required for downstream 
analysis (e.g. STRUCTURE).  
 
In FSTAT v2.9.3 (Goudet 2001), I calculated allelic richness (NR), which is a measure of allelic 
diversity that controls for sample size (Allendorf & Luikart 2007; Weston et al. 2016). Two 
other metrics, internal relatedness (IR, Amos et al. 2001) and homozygosity by locus (HL, 
Aparicio et al. 2006), were calculated in R using the package ‘gtools’ (Warnes et al. 2015) and 
the function ‘genhet’ (Coulon 2009). Internal relatedness is so-called because the quantity being 
measured is between parental half-genotypes within individuals and is based on the frequency 
of each allele, with the sharing of rare alleles weighted more than shared common alleles (Amos 
et al. 2001; Aparicio et al. 2006). Positive values of IR indicate a deficit of heterozygotes 
whereas negative values indicate an excess (Amos et al. 2001; Aparicio et al. 2006; Allendorf 
& Luikart 2007). However, as Aparicio et al. (2006) demonstrated, IR underestimates 
heterozygosity when individuals carry rare alleles. Homozygosity by locus was instead 
recommended by Aparicio et al. (2006) as a more accurate metric as this homozygosity index 
weighs the contribution of loci depending on their allelic diversity. As such, a locus has more 
weight in HL when their alleles are more evenly distributed in their frequency of occurrence, 
and allelic diversity is higher (Aparicio et al. 2006). For HL, indices range between 0 and 1, 
with 0 indicating that all loci are heterozygous and 1 meaning that all loci are homozygous 
(Aparicio et al. 2006).  
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I estimated pairwise population differentiation values (FST) using the R package ‘diveRsity’ 
(Keenan et al. 2013) where I bootstrapped FST values for 1000 iterations with the functions 
‘fastDivPart’ and ‘diffCalc’. These R functions produced pairwise comparisons with bias-
corrected 95 % confidence intervals for the FST statistic following Weir & Cockerham (1984). 
I did not calculate FST values for L. hochstetteri as these have already been calculated by 
Gleeson et al. (2010) for the full set of samples (n = 452). I also assessed the genetic structure 
of frog populations by calculating Nei’s (1978) unbiased genetic distances in GenAlEx and 
using the Bayesian clustering method implemented in STRUCTURE v2.3.4 (Pritchard et al. 
2000), along with performing a Discriminant Analysis of Principal Components (DAPC) in R 
using the packages ‘adegenet’ (Jombart 2008) and ‘poppr’ (Kamvar et al. 2014). As the DAPC 
for terrestrial Leiopelma spp. yielded similar results to Nei’s (1978) distance and STRUCTURE 
(see below), I did not perform the DAPC analysis for L. hochstetteri. Nei’s (1978) unbiased 
genetic distances were plotted as dendrograms using the R package ‘dendextend’ (Galili 2015).  
 
The STRUCTURE algorithm assumes K number of genetic clusters, with each cluster being 
characterised by allele frequencies at a given locus (François & Durand 2010). The algorithm 
assigns individuals to genetic clusters by calculating probabilities of membership per individual 
to each cluster (Q) (e.g. see Pritchard et al. 2000; Weston et al. 2016). Sampling location was 
included as a prior for the model with admixture to account for possible intermixing of the Main 
Block (source) and Boat Bay (translocated) populations of L. pakeka on Te Hoiere/Maud I., 
and between some populations of L. hochstetteri that are found in close geographical proximity 
(see Fouquet et al. 2010a). This model also assumed correlated allele frequencies. In 
STRUCTURE, I performed one million MCMC generations, with a burn-in of 100,000 runs. 
Additional runs performed with more than one million generations yielded similar results. For 
terrestrial Leiopelma spp, I tested for K = 1–5 with 10 independent replicate runs performed for 
each value of K. For L. hochstetteri, I performed the same number of generations and runs, but 
with K = 1–10. In Structure Harvester (Earl & vonHoldt 2012), the estimated number of genetic 
clusters was inferred by assessing Q, the mean log-likelihood of the data (Ln Pr(X|K)), and the 
Delta-K method reported by Evanno et al. (2005). I averaged the results across all replicate runs 
using CLUMPP v1.1.2 using the greedy algorithm (Jakobsson & Rosenberg 2007) and 
produced the visual output as a PostScript file with Distruct v1.1 (Rosenberg 2004).  
 
Results 
Some skin-swab samples of L. archeyi, particularly those from Whareorino, did not amplify 
across all five targeted microsatellite loci (Table 6) in the final run. I therefore excluded 11 out 
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of 21 individual L. archeyi with > 50 % missing data from most of the results. The genotyping 
error rate indicated that, on average, 0.2 alleles were mismatched across all 11 loci, indicating 
a low to moderate level of error. There was no presence of null alleles or large allele drop-out, 
nor any evidence for linkage disequilibrium. There was also no significant consistent departure 
from HWE for any locus after adjusting significant levels by using the Bonferroni correction 
method for multiple pairwise comparisons. Across the five loci targeted in terrestrial Leiopelma 
spp., a total of 18 alleles were identified. Of these, 12 alleles were found in L. archeyi, 11 alleles 
in L. hamiltoni (Takapourewa/Stephens I.), eight alleles in L. pakeka from the population at 
Main Block (Te Hoiere/Maud I.), and seven alleles in the intra-island translocated population 
of L. pakeka at Boat Bay. Of the 12 alleles found in L. archeyi, four alleles were shared across 
all terrestrial taxa, one was shared just with L. hamiltoni, and one just with L. pakeka. Seven 
out of 11 alleles found in L. hamiltoni were present in L. pakeka, with nearly all of these 
recorded as fixed alleles in the latter taxon. In L. hochstetteri, a total of 23 alleles were identified 
across the six loci targeted for this species. 
 
Genetic diversity in Leiopelma spp. was low overall cf. other anurans (e.g. genetic studies 
reviewed in Allentoft & O’Brien 2010) and was generally similar between mainland and island-
relict populations – though values for L. archeyi are likely underestimated because of missing 
data given that some loci failed to amplify. The proportion of polymorphic loci was, however, 
higher in L. archeyi compared to L. pakeka (60 % vs 40 %, respectively). Individuals from the 
translocated population of L. pakeka at Boat Bay had slightly lower levels of genetic diversity 
compared to the source population at Main Block. Genetic diversity in L. hamiltoni was 
surprisingly higher than in other taxa (Table 7). Average internal relatedness was 0.56, -0.18, -
0.71 and 0.03 for L. archeyi, L. pakeka, L. hamiltoni and L. hochstetteri, respectively, indicating 
the presence of some related, but mostly unrelated individuals.There were signs of homozygous 
excess with regards to homozygosity by locus (mean HL = 0.74, 0.49, 0.15 and 0.51 for L. 
archeyi [excluding those with missing data], L. pakeka, L. hamiltoni and L. hochstetteri, 
respectively).  
 
The two populations on Te Hoiere/Maud I. (Main Block and Boat Bay) were genetically similar, 
indicating no founder effect of translocation, whereas moderate to high genetic differentiation 
was evident across all other populations of terrestrial Leiopelma spp (Table 8). Three genetic 
clusters were identified by the STRUCTURE analysis for terrestrial Leiopelma spp. (K = 3, 
mean Ln P(K) = -322.97, Ln′(K) = 49.73, Delta-K = 102.23), representing L. archeyi, L. 
hamiltoni and L. pakeka (Figure 17a). This genetic differentiation was supported by Nei’s 
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unbiased genetic distances (Figure 18a). Likewise, three clusters were identified by the DPAC 
(Figure S3, see Appendices), where five principal components and two discriminant functions 
were retained. The first two axes explained 93.3 % of the variance. Two genetic clusters were 
identified for L. hochstetteri (K = 2, mean Ln P(K) = -216.07, Ln′(K) = 32.09, Delta-K = 73.03) 
(Figure 17b). Populations from Northland (e.g. Brynderwyn) and the Thames-Coromandel 
District (e.g. Stoney Bay) comprised one cluster and populations from the north-eastern North 
Island (Raukumara Ranges, East Cape) formed the other. Several populations exhibited 
moderate overlap between the two genetic clusters (Maungatautari, Ranginui and Waitakere 
Ranges) (Figure 17b). Nei’s unbiased genetic distances indicated poor phylogeographical 
resolution for most genetic clusters, apart from several populations in close geographic 
proximity (e.g. Maungatautari and Ranginui populations). There was deep divergence between 
populations from Raukumara Ranges and all other populations (Figures 17b & 18b).  
 
Table 7. Genetic diversity in Leiopelma frogs using five microsatellite markers for terrestrial taxa (white 
background) and six microsatellite markers for L. hochstetteri (grey background) (out of forty-two 
polymorphic loci that amplified). N = sample size, Na = mean number of alleles per locus, NR = allelic 
richness, Ho = observed heterozygosity, He = expected heterozygosity. Some values are excluded (-) 
because of single individuals representing a genotype/population. 
Species (location) N Na NR Ho He 
L. archeyi (Tapu, North Island) 6 1.4 - 0.467 0.256 
L. archeyi (Whareorino, North Island) 15 2.0 - 0.213 0.241 
L. hamiltoni (Takapourewa/Stephens I.) 12 2.2 5 0.883 0.488 
L. pakeka (Main Block, Te Hoiere/Maud I.) 27 1.6 1.49 0.362 0.199 
L. pakeka (Boat Bay, Te Hoiere/Maud I.) 21 1.4 1.4 0.355 0.198 
L. hochstetteri (North Island) 24 1.5 - 0.458 0.238 
 
 
Table 8. Pairwise population comparisons (FST) of identified genotypes in the five studied populations 
of terrestrial Leiopelma frogs. Significant values (P < 0.05) are in bold.  










0.29    
L. hamiltoni 
(Stephens Is) 
0.29 0.43   
L. pakeka 
(Main Block) 
0.61 0.69 0.32  
L. pakeka 
(Boat Bay) 
0.61 0.69 0.32 0.00 
 




Figure 17. Genetic clusters of Leiopelma spp. identified by STRUCTURE based on microsatellite 
markers. Three genetic groups (white, teal & brown) were identified for (a) terrestrial taxa and two 
genetic groups (green and light yellow) for (b) L. hochstetteri. 
 





Figure 18. Nei’s (1978) unbiased genetic distances for (a) terrestrial taxa and (b) L. hochstetteri. 
 
Discussion 
The main aim of this study was to investigate the genetic diversity of natural and translocated 
populations of Leiopelma frogs, both on mainland NZ and on offshore islands where they have 
fortuitously survived. This investigation particularly focused on terrestrial Leiopelma spp. 
because of no previous assessments of genetic diversity for these taxa. Leiopelma frogs have 
very low levels of genetic diversity, as shown by the high proportion of common or fixed alleles, 
and low genetic variation overall compared to other anurans (e.g. expected heterozygosity [He] 
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= 0.35–0.53 in Hyla arborea [European tree frog], see Andersen et al. 2004 – see Allentoft & 
O’Brien 2010 for further examples). Such low genetic diversity explains why it was difficult to 
obtain informative microsatellite loci for the Leiopelma genus, a common issue encountered in 
conservation genetics for threatened species such as the kākāpō (Strigops habroptilus) (see 
Robertson et al. 2000) and takahē (Porphyrio hochstetteri) (see Grueber et al. 2008). 
Nevertheless, nine new microsatellite loci have been developed for Leiopelma frogs, additional 
to the 11 developed by Clay et al. (2010). Moreover, cross-amplification for some of these loci 
among species of Leiopelma has been confirmed by this study (within terrestrial taxa) and Clay 
et al. (2010) (between L. hochstetteri and L. hamiltoni), which demonstrates the utility of these 
loci for investigating genetic diversity in the genus Leiopelma. Because I used different 
microsatellite markers for terrestrial taxa and L. hochstetteri, comparisons among these taxa are 
not directly representative of genetic variation between these taxa per se (see Keller & Waller 
2002). The present study nonetheless provides an insight into the genetic diversity within the 
genus Leiopelma. 
 
Genetic Diversity in Leiopelma Frogs 
Previous studies have demonstrated that intra-specific genetic diversity within the highly 
differentiated mainland populations of L. hochstetteri is low (Clay et al. 2010; Gleeson et al. 
2010; Lillie et al. 2015). Northern-most populations (e.g. Northland and Coromandel) 
maintained relatively higher genetic variation compared to those from the central North Island, 
with the population from Otawa being the most genetically depauperate (Clay et al. 2010; 
Gleeson et al. 2010; Lillie et al. 2015). Results from the present study support the conclusion 
that genetic variation has decreased in the southern-most populations (unpublished data). 
Daugherty et al. (1981) suggested that the stream-dwelling nature, and inherently linear and 
narrow distribution along tributaries, of L. hochstetteri is the main driver of such low intra-
specific genetic diversity compared to terrestrial taxa, which would have larger deme or 
effective population sizes due to inhabiting less restrictive habitat. Stream habitats are 
particularly vulnerable to natural and human-induced disturbances, meaning that populations 
of L. hochstetteri are likely to be more at threat from habitat loss than terrestrial taxa (Daugherty 
et al. 1981). Indeed, even though L. hochstetteri is capable of inhabiting modified habitats 
provided that necessary retreat sites are available (e.g. cobble rocks and/or logs), such 
populations would have presumably experienced severe (and possibly sequential) genetic 
bottlenecks within a relatively short period of time (Easton et al. 2016). A species’ ecology is 
nonetheless not the only driver of genetic diversity as we now know. For example, Zhang et al. 
(2015) recorded surprisingly high levels of genetic diversity in the stream-dwelling Leishan 
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moustache toad (Leptobrachium leishanense), an endangered species endemic to Southwest 
China. Major population declines in L. leishanense have occurred during the past two decades 
because of illegal collecting and habitat loss, yet there was no evidence of a genetic bottleneck 
or inbreeding (Zhang et al. 2015). Temporal lags in genetic impacts occur in species with long 
generation times (Hay et al. 2010; Keller et al. 2012). Zhang et al. (2015) therefore believed 
that the relatively long life-span of Leptobrachium leishanense (> 8 years), coupled with the 
recent population declines, would mean that genetic signals of severe declines would only be 
detected after a greater length of time. In the case of Leiopelma spp., the life-span is even longer 
(> 35 years for Leiopelma pakeka, see Bell & Pledger 2010), hence genetic impacts may not be 
observed for centuries. 
 
Temporal lags in genetic impacts may explain why genetic diversity is higher in Leiopelma 
hamiltoni compared to other Leiopelma frogs. Considering the ability to retain genetic diversity 
diminishes as population size decreases (Allendorf 1986), the small population of L. hamiltoni 
on Takapourewa/Stephens I. (which consists of at least 300 individuals, Tocher et al. 2006) was 
expected to have extremely low diversity compared to the much larger population of L. pakeka 
on Te Hoiere/Maud I. (Daugherty et al. 1981). Mitochondrial and nuclear evidence suggests 
otherwise (Fouquet et al. 2010a; Chapter Three; this chapter). Furthermore, high genetic 
diversity in taxa that inhabit Takapourewa/Stephens I. is not unique to L. hamiltoni. This island 
harbours the largest population of tuatara (Sphenodon punctatus) and reasonable numbers of 
the threatened Cook Strait giant weta (Deinacrida rugosa); both populations are among the 
most genetically diverse for their species (MacAvoy et al. 2007; Miller et al. 2009b; Hay et al. 
2010; White et al. 2017). While relatively high genetic diversity in large populations is 
expected, Hay et al. (2010) did not find any correlation between heterozygosity and population 
size among their studied island populations of tuatara – though there was a significant 
correlation between heterozygosity and island size.  
 
Considering that population size is dependent on factors such as the habitat in which the 
population occurs (in this case island size), we would again expect L. hamiltoni to have lower 
genetic diversity than L. pakeka as Takapourewa/Stephens I. is smaller than Te Hoiere/Maud I. 
(150 ha vs. 309 ha, respectively). Such deviations from the expected positive relationship 
between heterozygosity and population/island size may indicate that these natural demographic 
and genetic patterns are confounded by anthropogenic impacts (Hay et al. 2010). Indeed, 
humans had colonised Te Hoiere/Maud I. for several centuries until 1828 by local indigenous 
people, and later Europeans, prior to the island’s designation as a Scientific Reserve during the 
Chapter Four: Genetic Diversity_________________________________________________________ 
98 
 
1970s (Bell 1995; Brailsford 1997; Germano 2006; Sheldon-Sayer 2006). Forest was cleared 
throughout human occupation though surprisingly no introductions of rats were known to have 
occurred (see Germano 2006) – a key driver for the extirpation of these frogs from the mainland 
(Chapter Three). In comparison, human impacts on Takapourewa/Stephens I. did not occur until 
much later. Habitat clearance began only in the late 1870s, but the decimation of forests and 
scrubland was more severe, and with the establishment of a large introduced population of feral 
cats (Felis catus), within several decades many island inhabitants either became extinct (e.g. 
Stephens Island piopio, Turnagra capensis minor), extirpated (e.g. South Island saddleback, 
Philesturnus carunculatus carunculatus) or reduced to small remnant populations (e.g. L. 
hamiltoni) (see Medway 2004). Moreover, the population expansion of the predatory tuatara 
(perhaps the only island inhabitants to have benefited from human-induced forest clearance 
given the increase in this species’ preferred nesting and basking sites) may have restricted the 
distribution of prey species like frogs even further (Newman 1977). The presence of small 
passerines sensitive to rat predation is testament to rats having never become established on 
Takapourewa/Stephens I. (Medway 2004). It seems that human-induced forest clearance, and 
the harsher microclimate that followed (Newman et al. 1978; Medway 2004), were the main 
factors responsible for the population decline in L. hamiltoni and L. pakeka. However, given 
that the decline in L. pakeka would have occurred centuries earlier, this population therefore 
shows signs of a genetic bottleneck via limited genetic variation and high levels of allele 
fixation. Long generation times in Leiopelma frogs and a relatively more recent decline in L. 
hamiltoni means that for this population, there is possibly a temporal lag in detecting a genetic 
bottleneck and the inevitable crash in genetic diversity. 
 
Because of the potential temporal lag in L. hamiltoni, there was no evidence that explicitly 
supported the prediction that mainland populations maintain higher genetic variation than 
island-relict populations, as this prediction was made on the basis that island populations are 
expected to have been eroded by founder events and more severe bottlenecks (see Frankham 
1997; Boessenkool et al. 2007). Small populations on small islands, especially those with long 
evolutionary histories, typically have low heterozygosity due to genetic drift (see Hay et al. 
2010). Nonetheless, previous support for this prediction includes Daugherty et al. (1981) who, 
using allozyme electrophoresis, recorded higher genetic variation in L. archeyi compared to L. 
pakeka (referred to as L. hamiltoni in their paper because their study was prior to the Te 
Hoiere/Maud I. population being described as a distinct species, Bell et al. 1998a). 
 
Translocation Effects on Genetic Diversity 
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Translocated populations established from genetically depauperate source populations typically 
show subtle bottlenecks, and thereby minimal genetic differentiation between founder and 
parental populations (Taylor & Jamieson 2008; Miller et al. 2009b; White et al. 2017). This 
genetic pattern is simply because with most genetic variation having already been lost, there is 
little left to lose (Allendorf 1986). As predicted, minimal genetic erosion was evident in the 
population of L. pakeka translocated from Main Block to the gully overlooking Boat Bay on Te 
Hoiere/Maud I. Similar patterns of minimised genetic diversity loss are also observed in other 
translocated populations on NZ offshore islands, including: tuatara, giant weta, and South 
Island saddleback (Taylor & Jamieson 2008; Miller et al. 2009b; White et al. 2017). 
Translocated populations of L. pakeka to other, geographically isolated sites (Motuara, 
Kokomohua/Long I., and Zealandia Sanctuary) would also likely exhibit low genetic diversity. 
On Te Hoiere/Maud I., population survey evidence for the dispersal of L. pakeka out of Main 
Block as habitat becomes available via regeneration (Bell et al. 2004a; Bell 2016) indicates that 
both the parental and founder population at Boat Bay will eventually mix, thus homogenising 
genetic diversity in the translocated population and restoring population connectivity that was 
likely present prior to human-induced declines.  
 
Greater losses of genetic diversity would be expected to occur during translocations from source 
populations that are relatively genetically diverse (Allendorf 1986; Miller et al. 2009b). The 
release of 71 individual L. hamiltoni on Nukuwaiata, for instance, may have led to this 
translocated population becoming more genetically depauperate than the currently genetically 
diverse parental population on Takapourewa/Stephens I. Thus, while the two populations of L. 
pakeka on Te Hoiere/Maud I. are virtually identical in genetic diversity (with 100 individuals 
released at Boat Bay), there is likely to be some differentiation between populations of L. 
hamiltoni on Takapourewa/Stephens I. and Nukuwaiata. In mainland populations of L. archeyi, 
conservation authorities optimised the chance of selecting a genetically diverse group of 
individuals for release in both translocations from Whareorino to Pureora (130 individuals 
released in total). The first translocation involved taking 70 individual L. archeyi from three 
main collection points, located at least 10 km apart (Bishop et al. 2013; DOC, unpublished 
data). A decade later, a supplementary translocation involved 80 individual frogs, where groups 
of 20 frogs were collected at four separate sites approximately 100 m from one another (pers. 
obs.). Of the 80 frogs, 60 were released at Pureora, and the remainder were brought into 
captivity at Auckland Zoo. It is too early to tell whether this supplementary translocation has 
injected novel and/or replenished lost alleles in the Pureora population. Future genetic 
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comparisons of parental and translocated populations of all Leiopelma would thus be 
informative for their conservation in general.   
 
Inbreeding in Leiopelma Frogs 
An important consideration for translocations is to prevent inbreeding, although mating among 
related individuals is of course virtually unavoidable in very small populations (Jamieson et al. 
2008; Keller et al. 2012). Internal relatedness in L. archeyi indicated high relatedness among 
individuals compared to other Leiopelma spp. Homozygosity by locus showed a similar pattern, 
in that high homozygosity was seen in L. archeyi, followed by moderate levels in L. hochstetteri 
and L. pakeka, and L. hamiltoni the lowest. Relatively high levels of homozygous excess in L. 
archeyi may be the result of a longer time of exposure to human-induced declines compared to 
island taxa, and its severely restricted distribution compared to L. hochstetteri (see Newman 
1977; Germano 2006; Chapters Two & Three). 
 
However, with regards to possible signs of inbreeding depression, observations of captive frogs 
suggest conflicting results in that low fertility occurred in L. hamiltoni but not in L. archeyi (see 
Bell 1982, 1985a, 2002). Other measures of fitness may include clutch size and embryonic 
survival (Jamieson 2015), though detecting such heterozygosity-fitness correlations can be 
difficult (Grueber et al. 2011), especially in the herpetofauna where clutch size increases with 
body size and varies in response to population density, weather conditions, and food availability 
(Bell 2002; Germano 2010; Germano et al. 2012; Cree 2014; Towns et al. 2016). Consequently, 
compromised fitness may not be apparent, particularly in newly translocated populations where 
individuals are temporarily released from conspecific competition (Towns et al. 2016). 
Nevertheless, there are examples of heterozygosity-fitness correlations in wild amphibian 
populations. For instance, Andersen et al. (2004) demonstrated that habitat fragmentation led 
to genetic bottlenecks and increased inbreeding in the European tree frog (Hyla arborea); as 
such, they detected a negative correlation between larval survival and levels of inbreeding. 
Rowe et al. (1999), on the other hand, completely removed environmental and demographic 
factors by rearing natterjack toad (Epidalea calamita) larvae under constant conditions in 
captivity. Though larval survival did not correlate with any genetic measures, a positive 
relationship was observed between growth rate and expected heterozygosity (Rowe et al. 1999). 
In Leiopelma frogs, obtaining reproductive fitness measures in wild populations is virtually 
impossible due to the difficulty of studying their breeding behaviour (Germano et al. 2012; 
Bishop et al. 2013). However, it may be possible to investigate heterozygosity-fitness 
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correlations using survival and individual growth rate data obtained from long-term mark-
recapture studies (e.g. Bell & Pledger 2010). 
 
Population Differentiation and Management Units 
While the admixture of isolated populations is a common conservation strategy to mitigate 
inbreeding and increase genetic diversity, an important consideration prior to any translocation 
is the biogeographic history of target populations (Allendorf & Luikart 2007; White et al. 2017). 
If the evolutionary history of target populations is not acknowledged, conservation authorities 
may run the risk of promoting outbreeding depression in the mixed population (Frankham et al. 
2011; IUCN/SSC 2013; White et al. 2017), although recent studies suggest that the risk of 
outbreeding is low provided population growth and size are appropriately maintained 
depending on the proportion of immigrant and local individuals (Frankham et al. 2011, 
Frankham 2015; Frankham et al. 2017; Ralls et al. 2018). These latter studies recommend 
restoring gene flow to small inbred populations that have been isolated by anthropogenic 
activities within the last 500 years however, which is relatively recent compared to populations 
that have been naturally isolated for millennia. In NZ, many contemporary offshore islands 
share taxa as they were landlocked during glaciations prior to the onset of the Holocene (e.g. 
Takapourewa/Stephens I. and Te Hoiere/Maud I., see Suggate 1990; Hay et al. 2010; White et 
al. 2017). For instance, estimates for the timing of divergence between the 
Takapourewa/Stephens I. and Mana I. lineages of giant weta (D. rugosa) are considered to 
range from 15–20 Kya (White et al. 2017). The submergence of land bridges due to periglacial 
sea-level rise occurred approximately 14 Kya (Gibb 1986; Suggate 1990; Lewis et al. 1994), 
by which stage resident populations (including frogs) would have become completely isolated 
(Thurlow 2015). Relict lineages on offshore islands therefore reflect long-term isolation and 
independent evolutionary trajectories, such that inter-mixing these populations may 
compromise their biogeographic history and local adaptations (White et al. 2017). Based on the 
moderate level of population differentiation between L. hamiltoni and L. pakeka, this concern 
also applies to these taxa (Holyoake et al. 2001; Thurlow 2015; Chapters Two & Three; this 
chapter). Frankham (2015) and Ralls et al. (2018) suggested that the loss of local adaptations 
is a minor issue when considering genetic rescue (i.e. the mixing of outbred populations) given 
that many small populations are not well-adapted to their contemporary environment due to the 
fixation of deleterious alleles by genetic drift and/or human-induced changes of habitat. In 
addition to protecting populations from genetic threats, there are also logistic and cost benefits 
of not delaying genetic rescue. The higher the level of inbreeding a population can experience 
before conservation authorities provide gene flow, for instance, the more individuals will have 
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to be translocated to remove inbreeding effects (Ralls et al. 2018). It may therefore be 
worthwhile to establish a newly founded hybridised population comprising individuals from, 
for example, both L. hamiltoni and L. pakeka populations, or the two relict populations of L. 
archeyi. But what then would this genetic rescue mean in terms of the taxonomic classification 
of outbred populations? 
 
In the present study, L. pakeka are monophyletic with L. hamiltoni, which is the same genetic 
relationship that Holyoake et al. (2001) presented as evidence to synonymise these taxa as a 
single species. In addition, the estimation of three genetic clusters in the present study reinforces 
the genetic distinctiveness between all three terrestrial taxa (see also Chapter Three). The 
distinctiveness between L. hamiltoni and L. pakeka, however, is likely primarily due to genetic 
drift and a prolonged, human-induced bottleneck that has caused the fixation of multiple alleles, 
thus rendering L. pakeka essentially monomorphic compared to the other terrestrial taxa. The 
small population of tuatara on North Brother I., in the eastern Cook Strait, has the same 
monomorphic status as L. pakeka (see MacAvoy et al. 2007; Hay et al. 2010). Originally 
recognised as its own distinct species (Sphenodon guntheri), the North Brother I. population is 
now considered one of three genetically distinct groups representing the single species of 
tuatara, S. punctatus (see Hay et al. 2010). But rather than concluding that these three genetic 
groups of tuatara should be designated as ESUs (i.e. populations that are reciprocally 
monophyletic and show significant divergence for mtDNA and nuDNA, respectively, see 
Moritz 1994), Hay et al. (2010) employed a more conservative approach where they argue that 
the North Brother I. population could still represent either an inbred variant, or one that is 
experiencing allopatric speciation. In the case of L. pakeka, while its genetic structure has 
largely been driven by human-induced bottlenecks (and is therefore an inbred variant), the 
population on Te Hoiere/Maud Is. has been isolated for at least 14,000 years, so this population 
would also be experiencing allopatric speciation. Therefore, as previously concluded (Holyoake 
et al. 2001; Thurlow 2015; Chapters Two & Three), L. pakeka and L. hamiltoni should be 
managed as a single species but as two separate ESUs. As for L. archeyi, there is support to 
warrant management of the two natural populations as separate ESUs (Chapter Three; this 
chapter). In L. hochstetteri, two major genetic clusters were identified, which distinguished 
populations from the Raukumara Ranges (East Cape, North Island) from all other sampled 
mainland populations. Despite poor geographical resolution for the latter clade, there is overall 
strong genetic structuring among populations; verified by mitochondrial and nuclear markers 
(Fouquet et al. 2010a; Gleeson et al. 2010; Lillie et al. 2015; Chapter Three). Thus, as 
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previously stated in Chapter Three, managing populations of L. hochstetteri as the 13 separate 
ESUs identified by Fouquet et al. (2010a) seems the most appropriate conservation action.  
 
However, there are conceptual and practical issues associated with managing ESUs separately 
to maintain their evolutionary heritage (Crandall et al. 2000). These issues also relate back to 
the points raised above such as small inbred populations being not well-adapted to 
contemporary environments (Ralls et al. 2018). Specifically, Crandall et al. (2000) highlighted 
the conceptual and practical conflict within ESU concepts, in that conservation authorities 
cannot simultaneously maintain isolation between independently evolving entities, and 
adaptive variability of a species. If ESUs are managed in isolation, these potentially inbred 
genetic variants are conserved in the short-term, but then the adaptive potential of a species 
may be jeopardised in the long-term (Crandall et al. 2000). Essentially, what is more important 
to conserve – biodiversity or evolutionary processes? Indeed, when using the model suggested 
by Crandall et al. (2000), which determines taxonomic entities as an alternative to ESU 
concepts, L. hamiltoni and L. pakeka, for instance, meet the criteria for being classified as a 
single meta-population. Conservation authorities should thus treat L. hamiltoni and L. pakeka 
as separate ESUs on their islands as recognition of their unique evolutionary trajectories but 
allow for genetic exchange to maintain adaptive diversity by establishing a hybridised 
population in a new geographically isolated location. Indeed, Miller et al. (2012) explored the 
idea of mixing genetically distinct populations of tuatara from separate ecological regions (i.e. 
areas that have similar biotic and abiotic features, McEwan 1987). While Miller et al. (2012) 
and Hay et al. (2010) supported the establishment of a hybridised population of tuatara at a 
proposed translocation site, multiple factors need to be considered, such as whether genetic 
variation reflects local adaptation and how genetic differences may translate to functionally 
important traits (Hay et al. 2010; Mitchell & Janzen 2010; Miller et al. 2012). If inter-mixing 
translocations do occur, research should capatilise on these experiments (Miller et al. 2012). 
 
Non-invasive DNA Sampling of Amphibians 
DNA sampling methods mainly involve the collection of tissues, like toe clipping (Prunier et 
al. 2012), even though some people may consider this technique harmful (see Perry et al. 2011; 
Müller et al. 2013). Although there are benefits to toe clipping, especially with regards to long-
term monitoring (Bell & Pledger 2010), skin swabbing of amphibians is now a more generally 
accepted method given this technique considerably reduces handling time and is sufficient in 
producing quality DNA yields required for genetic analyses (Prunier et al. 2012; Pichlmüller et 
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al. 2013; Müller et al. 2013). Why then, did the swabbing of L. archeyi in the present study 
produce poor results?  
 
DNA concentrations for swabs were ~1–4 ng/μL, and while DNA purification increased these 
concentrations slightly, many samples still failed to amplify at all the target microsatellite loci. 
In contrast, Prunier et al. (2012) and Pichlmüller et al. (2013) managed to extract between 
approximately 3–67 ng/μL of DNA from dorsal (i.e. back) swabs collected from Ichthyosaura 
alpestris (alpine newt) and Salamandra salamandra (fire salamander), respectively. Swabbing 
and extraction methods were also the same as in the present study (i.e. amphibians were 
swabbed several times on the dorsal surface and DNA was extracted using a Qiagen kit) 
(Prunier et al. 2012; Pichlmüller et al. 2013).  
 
However, I suspect the reason for the poor DNA yield in this study was due to less sloughed 
skin material (and hence DNA quantity) collected from the animals during swabbing. Patterns 
of skin sloughing in amphibians (e.g. the time it takes to shed skin) are species-specific (Ohmer 
et al. 2017), so perhaps I sampled individuals at a stage between moults and/or Leiopelma frogs 
generally do not shed as much as other amphibians. Nevertheless, it is important to remember 
that DNA was amplified in some swab samples, thus I can confirm that skin swab sampling of 
Leiopelma frogs is an adequate technique to obtain genetic data, although the technique requires 
further refinement.  
 
DNA sampling from swabs is still in its infancy and is therefore recommended that further tests 
are performed to optimise this technique prior to large-scale studies (Pichlmüller et al. 2013). 
For example, as Müller et al. (2013) demonstrated, possible contaminants from conspecifics 
may be an issue. Once dorsal sampling is optimised for Leiopelma frogs, however, this 
technique will provide opportunities to understand the genetic viability of populations and 
inform best practice scenarios for possible future translocations (e.g. via assessments of single 
nucleotide polymorphisms). As I explore in the next and final research chapter of this thesis, 
obtaining such genetic data would provide conservation authorities with the necessary 
information that ensures that management actions do not compromise target populations from 
both genetic and demographic perspectives. Considering Leiopelma frogs suffer from major 
genetic diversity loss and inbreeding, conservation authorities will likely continue to rely 
heavily on translocations as a conservation tool. The next chapter therefore investigates the 
genetic, demographic, and environmental components that influence the long-term viability of 
source and translocated (i.e. founder) populations. 
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Chapter Five – Estimating the Probability of Allele Retention and 
Demographic Viability in Hypothetical Translocations of Leiopelma  
 
Introduction  
Considering that reintroductions (and translocations in general) commonly involve few 
founders, they often share demographic, environmental, and genetic risks associated with relict 
populations (Taylor et al. 2005; Jamieson et al. 2008; Towns et al. 2016). Models that predict 
translocation impacts on source and founder populations are therefore necessary to ensure that 
harvesting for release does not jeopardise either population (Dimond & Armstrong 2007; 
Chauvenet et al. 2015). Predicting expected genetic diversity loss enables conservation actions 
to be planned accordingly to avoid options that hinder managed populations (Tracy et al. 2011; 
Weiser et al. 2012). However, with regards to the number of individuals released, there is a 
“more is usually better” rule-of-thumb (Tracy et al. 2011). Though releasing more individuals 
does offset extinction risk and the loss of genetic diversity provided that translocated 
populations can persist in the short to medium term (Tracy et al. 2011), we still need to be 
careful with the number of individuals transferred between source and translocated populations. 
This concern is primarily directed towards threatened species that are K-selected, and hence 
may take decades to recover from harvesting, rather than species with high reproductive output 
that exhibit lower sensitivity to harvest. For example, translocations of long-lived New Zealand 
(NZ) Leiopelma frogs must rely on the removal of mostly adults as sub-adults may take years 
to reach breeding maturity and juveniles suffer high mortality (see Tocher et al. 2006). Indeed, 
when Tocher et al. (2006) simulated adult/sub-adult female combinations for establishing a new 
population of L. hamiltoni, all simulations that involved the harvest of adult females led to 
declines in the source population over a 30 year period.  
 
Models that predict the retention of rare, neutral alleles in bottlenecked populations, such as 
‘AlleleRetain’ (Weiser et al. 2012), are an important and widely applied conservation tool 
(Chauvenet et al. 2015; White et al. 2017). However, current models focus on maximising the 
long-term persistence of genetic diversity in the founder population only. We therefore risk 
estimating a release number that is considered ‘appropriate’ for maintaining genetic variation 
in the founder population but is in fact detrimental to the viability of the source population. 
Indeed, populations with high allelic diversity are more sensitive to allele loss than populations 
with low allelic diversity. Large population sizes are also required to retain high allelic diversity 
(Allendorf 1986; Allendorf & Luikart 2007; Miller et al. 2009; Tracy et al. 2011). Therefore, 
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when we estimate an ‘adequate’ number of individuals to be harvested from a source population 
with high allelic diversity, there is an imbalance if only the required size of the founder 
population is considered. A genetic imbalance may not be as severe for source populations with 
low allelic diversity as fewer founder individuals are required to retain levels of genetic 
variation representative of the source population (Taylor & Jamieson 2008; Miller et al. 2009, 
see also Chapters One & Four), but small populations face greater risk of extinction due to 
stochastic events (Taylor et al. 2005). More founder individuals may therefore be required for 
translocation, potentially compromising the source population. As such, I believe current 
estimates for the number of individuals required for release are sometimes too high – 
particularly for long-lived species.   
 
In NZ, threatened Leiopelma frogs have been translocated from single, relict populations to 
multiple locations over the last several decades. Most translocated populations have persisted 
in the short to medium term, with initial sizes ranging from 12–300 individuals (Bishop et al. 
2013). Drivers of the recent decline in monitored L. pakeka on pest-free Te Hoiere/Maud Island 
(Marlborough Sounds, South Island, NZ) are uncertain, but overharvesting for 
translocations/research purposes and incursions of house mice (Mus musculus) in 2013 and 
2018 are possibly responsible (Bell 2016; Bell & Bishop 2018; P.J. Bishop, pers. comms.). 
Approximately individual L. pakeka have been removed from Te Hoiere/Maud Island during 
translocations since the 1980s (Bell & Bishop 2018; Table 5). The population on Te 
Hoiere/Maud Island was estimated by Le Roux & Bell (2007) to be ca. 35,000 individuals but 
given the cryptic nature of these frogs, this estimate is associated with high uncertainty. The 
objective for this work was therefore to account for the potential loss of genetic diversity from 
the source population via harvesting, along with genetic drift and founder events typically 
associated with translocations. That way, we could provide a necessary boundary around what 
is considered by conservation authorities to be the ‘appropriate’ number of individuals released. 
I applied spatially-explicit individual-based models to simulate genetic drift and founder effects 
on a hypothetical translocation scenario for the threatened L. pakeka, as this species has been 
intensively targeted for translocations and is the population with the most long-term data 
available (Bell 2010; Bishop et al. 2013). I aimed to determine an ‘optimal’ number of 
individuals harvested for release that does not compromise the source population nor founder 
populations in the long term, and finally, to provide recommendations for the sustainable 
harvest of Leiopelma frogs should future translocations occur. 
 





Biological parameters used to build a hypothetical frog population were sourced from the 
literature or provided by discussions with species experts (P.J. Bishop & B.D. Bell). A 
summary of the inferred biology of Leiopelma pakeka is reported in the section below. Some 
of these parameters were adjusted in the final analysis according to exploratory analyses.  
 
Breeding Cycle 
The reproductive behaviour of L. pakeka is virtually unknown due to no observations of nests 
or mating in the wild (Germano et al. 2012; Bishop et al. 2013). Inferences regarding their 
reproductive behaviour have thus relied on captive frogs (Bell 1978, 1985b, 2002), and 
reproductive physiology and morphology to determine breeding seasons (Germano 2010; 
Germano et al. 2012). Age at first reproduction (AFR) in Leiopelma spp. is believed to be 
reached at ca. 6 years and ca. 8 years for males and females, respectively (B.D. Bell, pers. 
comm.). However, AFR is likely to reduce in captivity and following the translocation of 
individuals due to competitive release (i.e. individual access to resources is temporarily 
unconstrained by conspecific competitors) (Bell et al. 2004a; Tocher & Pledger 2005; Tocher 
et al. 2006). Indeed, progeny of L. pakeka that had been released on Motuara in the 
Marlborough Sounds were observed as adult recruits after only 5 years (Tocher & Pledger 
2005). Sexually mature males can breed annually, while mature females are likely to be biennial 
breeders (Stephenson 1951; Bell 2002; Tocher et al. 2006; Germano 2010; Germano et al. 
2012), producing small clutches of 1–19 eggs with each egg measuring 4–6 mm in diameter 
(Bell 1985b). Average clutch sizes of terrestrial Leiopelma spp. in captivity are typically larger 
than those recorded from nests in the wild or in vivo for wild females (Bell 2002; Germano 
2010). This difference in clutch size indicates that multiple females may contribute eggs to a 
single clutch in captivity (Germano 2010), perhaps because mate preference is accentuated 
because of fewer available individuals and/or a limitation of suitable nesting sites than in the 
wild. Another possibility is that individual access to food resources is higher in captivity and 
during the establishment phase of a translocation (when the size of both the source and founder 
populations are below carrying capacity), such that as body condition increases, so does the 
frequency of mating and/or the number of eggs produced (Bell 2002; Bell et al. 2004a; Tocher 
& Pledger 2005; Miller et al. 2009b; Germano 2010). In L. pakeka, some evidence also suggests 
a positive correlation between female snout-vent length (SVL) and the number of eggs 
produced per clutch (Germano 2010).  
 
Chapter Five: Allele Retention__________________________________________________________ 
108 
 
In terrestrial Leiopelma spp., males are the limiting sex, in that males provide parental care of 
offspring during their embryonic development (Bell 1985b). Parental care involves the 
guarding of eggs for several months followed by a month where the hatched froglets cling onto 
the males’ back in their final stage of development (Bell 1985b). The male then presumably 
transports the froglets elsewhere so that they can benefit from reduced conspecific competition 
and possible inbreeding – such behaviour has not yet been reported in terrestrial Leiopelma spp. 
but has been observed in other anurans with similar male parental care (e.g. Liophryne 
schlaginhaufeni from Papua New Guinea) (Bickford 2002). Male Leiopelma likely defend 
resources, as males have been recorded to occupy breeding sites before oviposition occurs (Bell 
1978). Mating systems are unknown, but Leiopelma spp. potentially exhibit seasonal 
monogamy, and occasional polygyny, given the parental care by males in terrestrial Leiopelma 
spp. and in vivo development of large, yolky ova in females (Bell 1978, 1985b); both are 
energetically expensive. Leiopelma spp. are presumed to reach reproductive senescence 
between 35–45 years (B.D. Bell, pers. comm.). 
 
Survival Rates 
Because Leiopelma spp. are long-lived (> 35 years, see Bell & Pledger 2010, with one wild L. 
pakeka estimated by B.D. Bell to be ≥ 43 years old), survival rates are generally high. Average 
annual survival of adult L. pakeka on Te Hoiere/Maud I. is estimated to be ca. 84 % (95 % CI: 
ca. 76–92) (Bell & Pledger 2010). Likewise, the survival of adults in the closely related L. 
hamiltoni on Takapourewa/Stephens I. is ca. 88 % (95 % CI: 80–93) (Tocher et al. 2006). In 
comparison, the survival of subadult L. hamiltoni is lower at 73 % (95 % CI: 57–85) (Tocher et 
al. 2006). Juveniles presumably have the lowest survival, primarily due to their greater risk of 
desiccation, particularly during droughts (Newman 1990; Tocher & Pledger 2005; Tocher et al. 
2006). Hence, translocations of Leiopelma spp. only involve sub-adult or adult frogs. 
Translocations of adult L. pakeka have indicated an initial average survival of 64 % (95 % CI: 
48–81) at release but subsequently higher average survival (ca. 90–97 %) post-release than in 
the source population due to greater levels of competitive release (Bell et al. 2004a; Tocher & 
Pledger 2005; Lukis 2009; Bell & Pledger 2010). Average survival of founder population 
offspring in L. pakeka was 80 % (95 % CI: 68–92) and ca. 60 % (95 % CI: 29–88 %) for recruits 
and juveniles, respectively (Bell et al. 2004a; Tocher & Pledger 2005). There is no difference 
in survival between apparent sexes in L. pakeka (sex is assigned by researchers in the field 
based on SVL, as mature females larger than mature males) (Bell & Pledger 2010). 
 
Demography & Dispersal 
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Most natural/source populations of terrestrial Leiopelma spp. are near or at carrying capacity 
(Bell et al. 2004b; Germano 2006; Tocher et al. 2006; Bell & Pledger 2010). High population 
densities, lowered survival and body condition relative to founder populations, and the rapid 
colonisation of areas originally occupied by conspecifics which were harvested for 
translocation, all attest to competitive pressure for resource availability (Bell et al. 2004a; 
Tocher & Pledger 2005; Germano 2006; Tocher et al. 2006; Bell & Pledger 2010). The highest 
population density across two 12 x 12 m monitoring grids on Te Hoiere/Maud I. was estimated 
by Bell & Pledger (2010) to be 2–3 frogs per m2 (identical to densities of L. hamiltoni, Tocher 
et al. 2006), but translocated populations remain far below their presumed carrying capacity 
(based on habitat availability and population growth comparisons to source populations). For 
example, the estimated size of the founder population of L. pakeka at Boat Bay was only 22–
61 % of the number recorded near the source location after 20 years (Bell et al. 2004a; Bell & 
Pledger 2010).  
 
Breeding and the production of offspring have often rapidly occurred in translocated 
populations (1–2 years after release) (e.g. Tocher & Pledger 2005; Lukis 2009) despite the 
apparent reproductive lag for the Boat Bay L. pakeka population (Bell et al. 2004a). Indeed, 
frogs would have bred soon after release at Boat Bay given that some founders were gravid 
females and that frogs were already recruits on first capture (B.D. Bell, pers. comm.). Such 
rapid recruitment also indicates that the apparent sex biases in some translocated populations 
do not equate to operational sex ratios (Emerson & Inger 1992; Tocher & Pledger 2005). 
Furthermore, the high retention of founders and offspring at release sites due to generally low 
dispersal (Newman 1990; Bell et al. 2004a; Tocher & Pledger 2005; Germano 2006; Lukis 
2009; Ramírez 2017; Ramírez et al. 2017) would contribute to such population growth in 
Leiopelma spp. Indeed, Bell et al. (2004a) reported a mean home range size of 11.6 m2 in L. 
pakeka 20 years after release at Boat Bay; home ranges did not differ in size from those recorded 
within monitoring grids near the source location. Net distance moved (i.e. the distance between 
the first and last capture of a tracking period) was also recorded by Ramírez (2017) to be on 
average 2.91 m (95 % CI: 2.59–3.21, range = 0.05–11.80) per night in 123 tracked individual 
L. pakeka. However, homing behaviour in translocated L. hamiltoni indicates that some adult 
frogs are capable of dispersing over 70 m (Tocher & Brown 2004), whereas sub-adults are more 
likely to remain at the release site (Tocher et al. 2006). Germano (2006) also recorded homing 
behaviour in translocated L. pakeka on Kokomohua/Long I. unlike in the source population 
where directionality was random (Ramírez 2017). Post-translocation dispersal can influence the 
ability of founders to locate and breed with one another (Knox & Monks 2014), thus homing 
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behaviour may help facilitate interactions between released individuals. As yet, there have been 
no comparisons of dispersal between sexes because the assignment of sexes based on SVL is 
associated with uncertainty (sub-adult females may be inaccurately assigned as male), but body 
size is positively correlated with dispersal distance (i.e. large adults move farther than smaller, 
younger frogs) (Ramírez 2017). Observations of Liophryne schlaginhaufeni indicate that initial 
dispersal of juveniles is based on adult (male) movements whilst transporting froglets away 
from oviposition sites (Bickford 2002). During this initial dispersal phase, juveniles become 
evenly distributed as they individually jump off the transporting males’ back (Bickford 2002). 
This behaviour also presumably occurs in terrestrial Leiopelma frogs. 
 
Model Design and Assumptions 
Creating Hypothetical Populations 
All analyses were performed in R v3.4.3 (R Development Core Team 2017), using the 
packages: ‘spatibm’ (i.e. spatially-explicit individual-based modelling, a package developed by 
P. Whigham that can be downloaded from: http://github.com/pwhigham/spatibm), ‘devtools’ 
(Wickham et al. 2018), ‘igraph’ (Csardi & Nepusz 2006), ‘spatstat’ (Baddeley & Turner 2005) 
and ‘raster’ (Hijmans 2017). The package ‘spatibm’ was developed collaboratively with P. 
Whigham specifically for this study following discussions regarding theoretical properties of 
terrestrial populations and necessary behavioural parameters. This package is more 
representative of natural populations as it allows the carrying capacity (K, i.e. maximum 
population size) to be stochastic, whereas other models treat K as a fixed parameter (P. 
Whigham, pers. comm.). The assumption that K is finite over time is violated in natural 
populations as habitat is not constant (Mathewson & Morrison 2015). Therefore, as habitat 
fluctuates spatially and temporarily, so does the K of the population of which the habitat 
supports. Creating hypothetical populations required a spatial area to randomly distribute 
individuals that would be tracked over multiple iterations. The size of this area was arbitrarily 
set at 20 x 20 ‘metre’ units. Populations of 10–200 individuals were randomly distributed within 
this area and consisted of the following demographic and behavioural properties: 
 
• 50/50 sex ratio, hence the probability of being male or female = 0.5. This ratio is 
therefore not confounded by the uncertainty of assigning sex based on SVL. 
• Age distribution of mean (μ) = 25 and standard deviation (σ) = 2 years for the source 
population, compared with μ = 30 and σ = 2 years for the founder population. Founder 
populations of Leiopelma frogs only comprise sub-adults and adults. 
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• Age classes set at ≤ 2 years for juveniles (immature), 2–5 years for sub-adults (those 
that are nearing sexual maturity), and > 5 years for adults (sexually mature). 
• Dispersal ability is assumed to increase with size/age, thus net distances moved at 
each iteration (i.e. ‘year’) were μ = 1.5 and σ = 1 m for juveniles, μ = 3.5 and σ = 1 m 
for sub-adults, and μ = 5.5 and σ = 1 m for adults (both sexes). Exploratory analyses 
determined these figures to be within the range of movement that balances between 
population collapse due to overcrowding (when dispersal is low) and population 
collapse due to lack of recruitment (when dispersal is so high that individuals cannot 
‘find’ mates). Initial displacement distances for juveniles are assumed to correspond 
with adult movements as progeny are initially transported by males.  
• Net distances are assumed to be randomly orientated, as apparent directionality 
observed in frogs may be habitat-related (e.g. down-slope movements) rather than 
homing behaviour. 
• Age-related senescence (e.g. decreasing muscle tone in hind limbs) begins at 40 years. 
• Breeding probability for males: ≤ 5 years = 0; 6–40 years = 0.8; > 40 years = 0.1. 
Breeding probability for females: ≤ 6 years = 0; 7–40 years = 0.5; > 40 years = 0.1. 
Males are assumed to breed annually whereas females breed biennially.  
• At each iteration, adults are paired with the closest member of the opposite sex. The 
maximum distance for which mates become unavailable = 8 m. Therefore, any adults 
of the opposite sex located farther than 8 m are unavailable for breeding.  
• Fecundity (number of offspring) of μ = 10 and σ = 2.5. Progeny are produced and 
initially displaced from the midpoint between their parents, rather than from the origin 
at the male’s position. This was so that the model could be applied to other species 
where offspring are self-dispersing in possible future studies. Mid-point dispersal only 
slightly increases crowding-related mortality in offspring compared to dispersal from 
the parent’s positions. 
• Survival between each iteration is assumed to be related to age, crowding, and habitat 
quality, but not related to sex. Exploratory analyses that I performed indicated that 
previous survival estimates for juveniles and sub-adults were too low (typical for 
cryptic taxa) as all simulations involving these values led to population crashes. 
Hence, the probability of age-related survival for juveniles and sub-adults was 
increased to 0.85 and 0.90, respectively. Survival for adults between 6–40 years of 
age was 0.95 while for adults > 40 years old had a survival of 0.50. Crowding-related 
survival for each age class corresponded with population densities of: ≤ 1.5 frogs/m2; 
1.5–2.5 frogs/m2; and > 2.5 frogs/m2. Survival probabilities for juveniles were: 0.95, 
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0.95, and 0.10, respectively. Survival for sub-adults was: 0.95, 0.90, and 0.07, 
respectively. Survival for adults was: 0.95, 0.80, and 0.05, respectively. 
• Population sizes were tracked for 200 iterations, representing 200 ‘years’. Population 
trends were differentiated by the total number of males, females, and total population 
size.  
 
Defining Habitat Structure  
The outer boundary of where an individual could move was set at 200 x 200 ‘metre’ units, a 
10-fold increase in area size compared to the release area. Any individuals that moved outside 
this boundary were removed from the population. Habitat quality varied across the entire area, 
defined as a probability surface with values 0–1. Two habitat types were created: 1) a single 
circular habitat surface where habitat quality reduced from 1.0 to 0.0 from the origin, and 2) a 
clustered habitat surface comprising five smaller, circular habitat surfaces, where habitat quality 
attenuated from 1.0 to 0.5 from each origin. The latter minimum probability threshold was set 
above zero to allow some ‘dispersal’ between areas of highest habitat quality (≥ 0.75). These 
single and clustered circular habitats were used because spatial connectivity is known to 
influence the ability to retain alleles in subsequent generations via gene flow (Lacy 1987; 
Whigham et al. 2008). Individuals within spatially-structured populations are more likely to 
breed with neighbours (Whigham et al. 2008). Thus, the preservation, and hence sampling, of 
different alleles may be enhanced in populations with low connectivity between sub-groups 
compared to populations with high connectivity (Lacy 1987; Whigham et al. 2008).  
 
The relict population of L. pakeka on Te Hoiere/Maud I. is clustered with areas of high frog 
densities (Bell & Bell 1994; Le Roux 2008; Bell 2016), but depending on how individuals are 
collected for translocation, either from the same or multiple sites within the source population, 
gene pools of founder populations may be subject to both levels of population connectivity. For 
example, 98 individual L. pakeka were collected from one site on Te Hoiere/Maud I. (a 20 x 12 
m grid) during their translocation to Kokomohua/Long I. (Germano 2006), whereas a total of 
80 individual L. archeyi were collected from several sites at Whareorino, located 100 m apart 
along a transect, during the translocation in 2016. Given that habitat quality also varies 
temporally (Mathewson & Morrison 2015), two additional habitat surfaces were created. The 
first habitat surface was designed to represent competitive release in the founder population 
which occurs during the initial phase of a translocation until K is reached. I therefore increased 
the size of habitat area(s) comprising probability values ≥ 0.75 by 50 % (via decreasing the 
probability density bandwidth from 0.0007 to 0.0005, or by setting the minimum probability 
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threshold to 0.7) and included them within a list of 200 habitat surfaces over 200 iterations (one 
habitat surface per iteration). These ‘competitive release’ habitat surfaces were included for the 
first 25 iterations, then replaced with the initial habitat surfaces for the remaining 175 iterations. 
The second habitat surface was designed to represent poor habitat quality during environmental 
perturbations; the size of habitat areas with probability values ≥ 0.75 was reduced by 
approximately 10-fold. This ‘poor habitat’ surface was used for the environmental perturbation 
simulation (see below).  
 
Model Simulations 
Allele Retention and Population Persistence 
The main purpose for the ‘spatibm’ package is to model the influence of breeding, survival, 
fecundity, population density, and habitat structure on the loss of genetic diversity. The 
probability of a diploid allele remaining in the following generation or founder population is (1 
– pj)
2N, where p is the frequency of allele j, and N is the size of the bottleneck (Allendorf & 
Luikart 2007). Assumptions for the present study’s single gene individual-based model 
followed this equation and those presented by Tracy et al. (2011), in that there is no mutation, 
migration, or natural selection over the set time-period. Unlike Tracy et al. (2011) however, I 
did model selection. Although selection in this model is not related to genotype measures 
(despite the linkage between selection and drift, see Hill & Robertson 1966), there is differential 
selection of individuals depending on their age, location within the habitat surface, and 
associated crowding density. The 200 year time-frame in this study is too short for mutations 
in populations to take effect (hundreds versus thousands of years, respectively). Furthermore, 
managed populations like Leiopelma frogs are generally isolated (e.g. on nearshore islands) and 
the impact of genetic drift overrides natural selection in small populations (Allendorf & Luikart 
2007). I also assumed that simulating populations with rare alleles (q ≤ 0.05) represented 
populations with high allelic diversity, and vice versa for populations with only common alleles 
(q ≥ 0.2). One assumption possibly violated is that there is no variation in individual genetic 
‘quality’, which is known to decrease genetic diversity (see Tracy et al. 2011). The model used 
in the present study tracked the retention of diploid neutral alleles (defined as a binary 0 and 1) 
in individuals from source and founder populations with high and low genetic diversity, 
respectively. Simulations of populations were run until fixation occurred (i.e. the loss of either 
diploid allele) or the 200th iteration was reached. Output of model runs for allele retention 
provided the following details: 1) true/false for fixation, 2) the iteration when fixation occurred, 
3) the number of alleles in the final locus, 4) the population size at the time of fixation, 5) the 
number of females, and 6) the number of males. This information was required so that fixation 
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could be identified from other causes of genetic loss due to population extinction, the maximum 
number of iterations being reached, or because of insufficient numbers of breeding pairs. The 
final number of alleles was a measure of the remaining genetic diversity if fixation did not 
occur. Exploratory analysis of model runs produced similar results to Weiser et al. (2012) using 
the same number of iterations and q.  
 
For population persistence, it is assumed that the long-term persistence of populations is low if 
the final population size (Nf) is less than the initial size (Ni) at the 200
th iteration (P.A. Whigham, 
pers. comm.). The probability of population persistence (x out of 20) was determined by 
comparing initial and final population sizes, where Ni < Nf = 1 and Ni > Nf = 0. To calculate the 
probabilities of population persistence and allele retention, I ran three replicates of eight 
scenarios (e.g. a source population with high genetic diversity that inhabits clustered habitat) 
across the initial population sizes: N = 10, 25, 50, 100, 150, & 200 (each population was 
sampled 20 times). Bootstrapped means and confidence intervals were generated with 1000 
iterations in R using the ‘boot.mean’ function by Larget (2014).  
 
Environmental Perturbation 
For the three largest initial population sizes (N = 100, 150 & 200), I assessed the impact of 
environmental perturbations as, at this stage, hypothetical populations were only modelled in a 
world of ‘environmental stability’ (i.e. except for the removal of competitive release in founder 
populations after 25 iterations, habitat surfaces did not vary in quality over time). This 
simulation involved a list of 100 habitat surfaces across 100 iterations so that I could simulate 
an environmental perturbation through alternating between habitat surfaces of good and poor 
quality. Thus, when the low habitat quality surface was introduced for one iteration at time x, 
the population would experience a bottleneck. ‘Poor habitat’ surfaces were included in the chain 
of habitat surfaces following a normal distribution of μ = 50 and σ = 0 years, so that at every 
50 iterations habitat quality would switch from ‘good’ to ‘poor’. This simulation was repeated 
20 times for source and founder populations across single and clustered habitats. The 
proportions of time that populations increased, stabilised, or decreased following the 
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Source and founder populations with initial population sizes of 100 or more frogs were the most 
likely to persist, regardless of habitat structure. Probability of population persistence between 
habitats was virtually identical for founder populations, whereas for source populations, as soon 
as the initial population size dropped below 200 frogs (i.e. when ‘harvesting’ occurred), 
population viability decreased in single habitat compared to populations in clustered habitat. 
Source populations in clustered habitat were able to sustain harvesting of at least 50 frogs before 
their probability of persistence was reduced. The persistence of source populations in single 
habitat was also associated with the most uncertainty. Clustered habitat was therefore of 
relatively greater ‘quality’ than single habitat given the high population persistence with 
minimal uncertainty for population sizes of 100 frogs or above. Harvesting approximately 50–
75 frogs led to a 50 % chance of establishing founder populations that could persist in the long-
term without severely compromising source populations. The harvesting of 75–100 frogs, 
however, improved the chances of establishing persisting founder populations, but at risk of 
reaching the critical threshold, at which point the viability of source populations would 




Figure 19. Probabilities of population persistence for varying numbers of individuals harvested for 
release in a.) clustered and b.) single habitats. Hypothetical source (purple) and founder (light blue) frog 
populations were simulated over 200 iterations (‘years’). Shaded areas represent 95 % confidence 
intervals generated by bootstrapping. Point estimates are bootstrapped means of the three replicates. 
Inset images are examples of each habitat (see methods text for description of habitat surfaces).  





Irrespective of habitat structure, populations with low genetic diversity (q = 0.20) (Figures 20a 
& c) were more capable of retaining alleles than populations with high genetic diversity (q = 
0.05) (Figures 20b & d). As such, the establishment of approximately 50–75 frogs was 
sufficient to maintain genetic diversity in source and founder populations with low genetic 
diversity, compared to the necessary 75–100 frogs in populations with high genetic diversity. 
The establishment of 50–75 frogs in founder populations harvested from genetically 
depauperate source populations led to a 50 % chance of retaining alleles in founder populations 
without severely compromising source populations (Figures 20a & c). In contrast, for 
populations with high genetic diversity, the release of 75–100 frogs only led to a 40 % chance 
at maximum of sustainably retaining alleles in founder populations (Figures 20b & d). 
Populations occupying clustered habitat had a relatively higher probability of retaining alleles 
than populations in single habitat. The highest level of uncertainty was associated with source 
populations that were genetically diverse and inhabited single habitat (Figure 20d). Probability 
of allele retention peaked at an initial population size of 150 frogs in founder populations with 
high genetic diversity in a single habitat (Figure 20d). Based on exploratory analyses, this peak 
and subsequent decline in allele retention was most likely due to over-crowding of the single 
habitat when the initial population size was 200 frogs, which meant that frogs ‘dispersed’ into 
the periphery where habitat quality was at its lowest. 
     





Figure 20. Probabilities of allele retention for varying numbers of individuals harvested for release. In 
a.) and b.), populations were modelled in clustered habitat with low (q = 0.20) and high (q = 0.05) 
genetic diversity, respectively. In c.) and d.), populations were modelled in single habitat with low and 
high genetic diversity, respectively. Hypothetical source (purple) and founder (light blue) frog 
populations were simulated over 200 iterations (‘years’). Shaded areas represent 95 % confidence 
intervals generated by bootstrapping. Point estimates are bootstrapped means of the three replicates. 
 
Environmental Perturbation 
Source populations were relatively insensitive to habitat structure; for both single and clustered 
habitats, the response of source populations to the environmental perturbation was bimodal 
across the trend categories. This bimodal distribution was because initial population sizes of N 
= 100 mostly led to population decreases, whereas initial population sizes of N = 200 mostly 
led to increases following the perturbation. In contrast, founder populations in clustered habitat 
were susceptible to population declines following the perturbation, regardless of initial 
population size. However, increasing initial sizes of founder populations in single habitat 
generally led to higher proportions of recovery or persistence in stable numbers after the 
perturbation. Founder populations in single habitat hence reflected a bimodal distribution 
Chapter Five: Allele Retention__________________________________________________________ 
118 
 





Figure 21. Proportion of simulations (20 samples in total) that resulted in an increasing, stabilised (i.e. 
no trend), or decreasing population following an ‘environmental perturbation’ half way through a 
simulation. Source and founder populations (black and grey bars, respectively) were simulated for initial 
population sizes of 100, 150 and 200 individuals, in single and clustered habitats. 
 
Discussion 
Investigating the impact that harvesting has on source populations and determining how many 
individuals are required for release are two important criteria associated with reintroductions 
(Armstrong & Seddon, 2008; Tracy et al., 2011). One main concern is the harvesting of 
threatened species that are K-selected compared to those with high reproductive output. For 
example, translocations of Philesturnus c. carunculatus (South Island saddleback) generally 
involve ‘surplus’ sub-adults because they are less likely to exhibit homing behaviour than adults 
given no previously established territories (see Masuda 2010; Masuda & Jamieson 2012). 
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Translocated sub-adults are also subjected to lowered survival and/or non-breeding status in 
their natal population given that most source populations are at carrying capacity. Removal of 
these sub-adults therefore does not compromise the reproductive output of the source 
population as breeding adults are retained, as evidenced by translocated populations exhibiting 
similar reproductive success to their respective sources (Taylor et al. 2005; Masuda 2010; 
Masuda & Jamieson 2012). Translocations of long-lived Leiopelma frogs, however, generally 
involve only adults (see Tocher et al. 2006). Because it is difficult to distinguish between ‘non-
breeding’ and ‘breeding’ adults in Leiopelma frogs (see Germano et al. 2012), there are 
essentially no obvious non-breeding, ‘surplus’ candidates for translocation. My main aim for 
this study was to therefore determine an ‘optimal’ number of individuals harvested for release 
that does not harm the source population nor hinder the long-term persistence of founder 
populations. 
 
Have Leiopelma Frog Translocations Been Sustainable? 
Model simulations indicated that approximately 50–75 frogs were sufficient in sustainably 
establishing founder populations about 50 % of the time. Source and founder populations 
generally did not persist if initial population sizes were below 100 frogs, which is likely an 
example of the Allee effect, where population size diminishes rapidly due to poor survival or 
recruitment in populations with low densities (Courchamp et al. 1999). Most translocated 
populations of Leiopelma frogs have nonetheless become established following the release of 
≥ 60 frogs (Table 5). Similarly, Tocher et al. (2006) suggested that for the translocation of L. 
hamiltoni (Hamilton’s frog) from Takapourewa/Stephens I. to Nukuwaiata, the best strategy 
was to release 40 adults and 40 sub-adults, each with a 50/50 sex ratio. Post-release monitoring 
since the first translocation of 40 frogs in 2004, and supplementary translocation of 31 frogs in 
2006, has provided positive early indications (relative to the longevity of these frogs) that this 
founder population has become established with no reported post-harvest declines in the source 
population (Gaze & Cash 2008; Bishop et al. 2013; S. Wren, pers. comm.). Given that the 
estimated size of the source population was 300 individual L. hamiltoni prior to the 
translocations (Tocher et al. 2006), the harvesting of 71 individuals would equate to the 
harvesting of approximately 50 frogs in the model simulations of the present study (~ 25 % of 
the source population harvested for release). Based on model simulations, the harvesting 50 
frogs for release led to a low probability of long-term persistence in founder populations, but it 
was relatively sustainable for source populations. The most recent survey of L. pakeka on Te 
Hoiere/Maud I. estimated a minimum population size of nearly 9,000 frogs and confirmed that 
frogs have expanded their distribution on the island (Bell & Bell 1994; Bell 2016). Though 
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harvesting ca. 1000 frogs for translocations (see Bell & Bishop 2018; Table 5) and the mice 
incursions seemed to have minimal impact on the overall source population, localised declines 
(as indicated by long-term monitoring grids) cannot be ruled out (Bell 2016). Indeed, frog 
numbers were highest in areas away from collection points for translocations and monitoring 
grids (Bell & Bell 1994; Bell 2016). Factors driving these localised declines are uncertain (Bell 
2016; B.D. Bell, pers. comm.), but sub-groups within this population could well have suffered 
from over-harvesting during translocations.  
 
Nevertheless, source population estimates have either relied on extrapolations from long-term 
monitoring grids (12 x 12 m or 0.014 ha) or transect surveys that sampled approximately 0.88 
ha across the entire area of the forest remnant (a.k.a. ‘Main Block’) and its regenerated margins 
(~ 17 ha) (Bell & Bell 1994; Bell 2016). These extrapolations, however, assume that the frog 
population is uniformally distributed across the entire forest remnant, which is not 
representative of their heterogeneous distribution as this extrapolation encompasses areas 
where frogs are apparently absent (Bell & Bell 1994; Bell 2016). Rather, based on Figure 2 in 
Bell (2016), the total area occupied by frogs is approximately 8 hectares. Thus, using the 
minimum population size equation and the number of frogs found in the most recent transect 
survey (458 frogs), the source population inhabiting Main Block consists of at least 4,160 
individuals (458 frogs x [8 ha/0.88 ha]). This estimate is similar to Bell’s (1985a) suggestion 
of 5,000 individuals. A population size of 4,000–5,000 individuals is certainly more reasonable 
than the erroneous figures obtained by merging the extrapolations of the monitoring grids and 
transect surveys (up to 52,000 individuals) (Bell 2016). Moreover, based on microsatellite data, 
this population has experienced a genetic bottleneck, which indicates that L. pakeka would have 
declined to low numbers (see Chapter Four). Exactly how low is uncertain as effective 
population sizes cannot be calculated for populations that have become severely bottlenecked 
such as L. pakeka (see Allendorf 1986; Allendorf & Luikart 2007; Chapter Four). Since the 
island’s designation as a Scientific Reserve only occurred in the 1970s (Bell 1995; Germano 
2006), habitat regeneration and expansion of the frog population out of Main Block is still 
relatively recent (~ 50 years) (Bell et al. 2004a; Sheldon-Sayer 2006; Bell 2016). Hence, it is 
more logical to assume that the Main Block source population comprises several thousand 
individuals, rather than tens of thousands (as in Bell & Bell 1994; Le Roux & Bell 2007; Le 
Roux 2008; Bell 2016). The harvesting of approximately 1000 frogs from an estimated 4,160 
frogs in the source population would therefore, based on model results, lead to a decline in the 
persistence of the source populations. Nonetheless, rapid recolonisation of neighbouring frogs 
into vacant habitat following the transfer to Kokomohua/Long I. is encouraging evidence that 
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some sub-groups can recover after the harvest of 100 or so frogs (Germano 2006). If the frog 
population on Te Hoiere/Maud I. is treated as a meta-population, then future translocation can 
‘rotate’ through the sub-groups, allowing time for each group to recover after harvesting. 
 
However, the number of individuals required to enable the retention of alleles in genetically 
depauperate populations were lower than for populations that were genetically diverse. This 
difference in allele retention between populations with low and high genetic diversity is because 
the ability to retain alleles is inverse to the number of alleles present (Allendorf 1986). Founders 
sourced from genetically depauperate populations therefore exhibit a higher retention of what 
genetic variation remains than those sourced from populations with high allelic diversity (Rowe 
et al. 1998; Taylor & Jamieson 2008; Miller et al. 2009b). Small and large numbers of released 
individuals are therefore required to maintain the genetic representation of the former and latter 
genetic types of source populations, respectively (Taylor & Jamieson 2008; Miller et al. 2009b). 
Studies have also demonstrated that the probability of allele retention increased with allele 
frequency (q), and that increasing release numbers led to enhanced allele retention in q 
(Allendorf 1986; Taylor & Jamieson 2008; Tracy et al. 2011). Model simulations in the present 
study support these conclusions. However, most populations of Leiopelma frogs, particularly 
L. pakeka, have suffered severe losses of genetic diversity (Clay et al. 2010; Lillie et al. 2015; 
Chapters Three & Four). Translocations of L. pakeka would thus have minimal impact on its 
genetic diversity, as has been shown with regards to the transfer to Boat Bay (see Chapter Four).  
 
How Many Individuals Should Be Released During Translocations? 
Although extrinsic factors (e.g. habitat quality) were not accounted for, Tracy et al. (2011) were 
the first to model the release numbers necessary to retain genetic diversity in translocated 
populations. Using the rare passerine Mohoua ochrocephala (mohua/yellowhead) as a case 
study, they demonstrated that allele retention is curvilinear with the number of individuals 
released (i.e. a ‘diminishing return for effort’), meaning that beyond a certain range of release 
numbers, costs exceed conservation benefits. The approximate number immediately preceding 
this asymptote was thus considered adequate for translocations, although sourcing more 
individuals than required would buffer against initial mortality or unexpected delays in 
population growth (Tracy et al. 2011). Based on model simulations in the present study, the 
approximate number immediately preceding the asymptote was associated with the steepest 
declines in allele retention in source populations. From these results, I believe that the 
recommendation by Tracy et al. (2011) to target this position along the curvilinear relationship 
between allele retention and release number is too high, and that conservation authorities should 
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aim for a lower release number. In the case of Leiopelma frogs, releasing around 100 frogs 
seems sufficient.  
 
However, the number of individuals recommended for release largely depends on the level of 
genetic variation conservation authorities attempt to preserve (Allendorf & Luikart 2007; Tracy 
et al. 2011). For instance, White et al. (2017) aimed to release sufficient numbers of Cook Strait 
giant weta to retain 50 % or more genetic diversity. In comparison, Buckland et al. (2014) 
aimed to capture at least 80 % genetic diversity during translocations of the Phelsuma 
guimbeaui (Mauritian lowland forest day gecko). Buckland et al. (2014) also highlighted that 
the extirpation of their studied source sub-populations was imminent within the decade, so they 
concluded that it was more logical to release as many individuals as possible. Ultimately, the 
decision-making process regarding release numbers should involve a cost-benefit analysis of 
allele retention and the insurance of adaptive potential (Tracy et al. 2011) – for founder and 
source populations. Targets for the retention of high allelic diversity require huge effort in terms 
of released numbers necessary, while targeting the release number that captures only common 
alleles could lead to the loss of rarer alleles that may have future evolutionary potential (Tracy 
et al. 2011). 
 
Habitat and Environmental Perturbations 
Another aspect that conservation authorities must consider is the habitat structure present at 
relict and release sites given that spatial connectivity also influences the retention of allelic 
diversity in populations (Lacy 1987; Whigham et al. 2008). Clarifying the perceived 
permeability of the habitat matrix and structural connectivity between sub-populations is thus 
important for managing the genetic viability of populations in the long-term (Lacy 1987; Harris 
et al. 2014). In the present study, I assessed the influence of two habitat structures (clustered 
and single) on population persistence and allele retention. For clustered habitat, I ensured that 
the intermediate zone between sub-groups with the highest habitat quality allowed some 
‘dispersal’ of frogs amongst these areas, compared to the single habitat where frogs would have 
lowered survival or died if they ventured too far away from the origin. This intermediate zone 
represented the habitat matrix between pockets of high habitat quality, where sub-groups of 
frogs were mostly located at the end of each model simulation involving the clustered habitat 
surface. The availability of multiple small areas with high habitat quality, embedded in a matrix 
with moderate habitat quality, is the reason why clustered habitat increased the probability of 
population persistence and allele retention in model simulations, in comparison to single 
habitat. Limited gene flow between sub-populations also increases the probability of allele 
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retention compared with panmictic populations occupying a single, relatively homogenous 
habitat (Lacy 1987; Whigham et al. 2008). Hence, there is a balance between structural 
connectivity and the quality of the habitat matrix (Harris et al. 2014). In cases where there is 
high perceived permeability of the habitat matrix, animals will disperse greater distances and/or 
disperse more often (Harris et al. 2014).  
 
Spatial configurations of habitat, other than just the complexity or quality of the habitat matrix, 
can also drive movements between sub-groups (Bender & Fahrig 2005; Harris et al. 2014). 
Frog density is correlated with rock and fern cover (Bell & Bell 1994; Bell 2016), therefore 
potential declines in some sub-groups of L. pakeka inhabiting Main Block may be because these 
preferred habitat resources are situated too far away for rapid recolonisation to occur. Creating 
a habitat surface that represents the actual habitat present in Main Block would be useful to 
determine how this remnant habitat might influence the viability of the population in a more 
‘real-world’ scenario. There are habitat data available for such an investigation. Nevertheless, 
habitat quality is heterogeneous not only across the landscape, but also over time. Other than 
vegetation succession, major environmental disturbances (e.g. fire, drought, pest invasions, 
etc.) can cause changes in habitat quality in the long-term (Mathewson & Morrison 2015). 
Though Weiser et al. (2012) rightly stated that including environmental stochasticity in models 
obscured predicted responses to management, it is nonetheless an important parameter to 
consider. Environmental perturbations are inevitable and can severely impact managed 
populations. For example, Tocher & Pledger (2005) recorded a likely drought-related mortality 
event in juvenile L. pakeka on Motuara. Declines in the body condition of frogs on Te 
Hoiere/Maud I. were also noted by Bell et al. (2004a) during the same time. I simulated a major 
environmental perturbation event in model simulations and recorded the ability of populations 
to recover from this disturbance in clustered and single habitats. Source populations were more 
likely to recover the larger the initial population sizes were, but simulations also generally led 
to constant population sizes following the substantial decline in numbers – a pattern seen in one 
natural population of L. archeyi after a decrease of almost 90 % (Bell et al. 2004b). Habitat 
structure had minimal influence on the responses of source populations to environmental 
perturbations. In contrast, founder populations in clustered habitat were particularly vulnerable 
to population declines following the perturbation, regardless of initial population size. 
Increasing initial population sizes in single habitat, however, led to slightly higher proportions 
of recovery and stabilised numbers in founder populations after the perturbation.  
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The spatial configuration of small ‘refuge’ area(s) during the perturbation and age distribution 
of the populations are likely key drivers of this apparent temporal switch in habitat quality 
between clustered and single habitats. Founder populations comprised more breeding adults 
than in source populations and exhibited greater recruitment rates. Given the high spatial 
connectivity in single habitat, population bottlenecks during the perturbation would have thus 
been smaller in founder populations than in source populations, allowing founder populations 
to recovery relatively quickly. In clustered habitat, populations were restricted to multiple small 
sub-groups with limited or no spatial connectivity during the perturbation. In this case, age 
distribution, rather than deme size, would presumably become more important. Possible 
delayed recruitment due to the loss of mostly breeding individuals, coupled with a reduced 
number of matings because of virtually no connectivity between sub-groups, meant that founder 
populations were often unable to persist following the perturbation. The length of time that 
recruitment was delayed in source populations, in contrary, would have been largely unaffected. 
Despite an initial lack of spatial connectivity post-perturbation, sufficient numbers of 
individuals would have become established among sub-groups. The rate of population 
expansion was therefore generally adequate to ensure the persistence of source populations.  
 
Although I did not assess the effects of environmental stochasticity on population persistence 
and allele retention, other studies have. Tracy et al. (2011) demonstrated that, when q and 
population growth (λ) were held constant, increasing environmental stochasticity (modelled by 
varying λ between years) hindered allele retention, even with large numbers of individuals 
released. Delayed population growth unsurprisingly decreased allele retention, while changes 
in carrying capacity (K) and population turnover (modelled as incremental decreases in overall 
annual survival but corresponding increases in recruitment to maintain constant λ) had minimal 
effects on allele retention (Tracy et al. 2011). Although the low influence of K was because 
most allele loss occurred during release or immediately afterwards (Tracy et al. 2011), the 
negligible effect of population turnover is most likely due to the young breeding age of their 
model species. Mohoua ochrocephala reach breeding age at the end of their first year (Tracy et 
al. 2011), thus the time-lag in reproductive output for recruits is only one year. Compared with 
the recruitment age in Leiopelma frogs, which is approximately 6–7 years, one should expect 
that in the latter case, allele loss would be exacerbated by population turnover.  
 
Yet despite all these modelling scenarios that attempt to optimise translocation success, 
translocations may still unexpectedly fail. For example, predation by little-spotted kiwi 
(Apteryx owenii) was considered by Bell et al. (2010) to be the primary cause for the 
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unsuccessful translocation of L. pakeka to Kokomohua/Long I., despite a sufficient number of 
frogs released based on model simulations in the present study. Another contributing factor, 
and arguably more important, was that habitat requirements were simply not met at the release 
site. Given the steep and narrow topography of the island, the release site has a poor retention 
of any surface water despite receiving 1,200–1,400 mm of rainfall annually (Newman et al. 
1978; pers. obs.). Consequently, the naturally dry conditions on Kokomohua/Long I., promoted 
by the limited availability of relatively small retreat sites that run deep underground at the 
release location (pers. obs.), would have subjected translocated frogs to desiccation stress. Apart 
from the Kokomohua/Long I. frog translocation, unsuccessful translocations are mostly 
unpreventable. This unpredictability emphasises that for translocations in general, there is an 
element of sheer luck.  
 
Model Limitations and Future Recommendations 
Model simulations were congruent with observed frog population responses to translocations 
and a previous study that predicted optimal release numbers in L. hamiltoni (Tocher et al. 2006). 
This spatially-explicit individual-based model therefore has potential for conservation 
purposes. However, this model is dependent on biological parameters that are associated with 
high uncertainty (Bishop et al. 2013). Biological parameters obtained from long-term 
monitoring grids (Bell & Pledger 2010) require Bayesian or frequentist analyses to strengthen 
the confidence and likelihood of these estimates. The peak in the probability of allele retention 
in founder populations in a single habitat, for example, attests to the presence of biologically 
unrealistic traits within this model. Founder populations would have to become over-populated 
within ‘200 years’ to cause a decline, which is unlikely for long-lived Leiopelma frogs. 
Ensuring that the duration of competitive release is inverse to increasing initial population sizes 
would be one improvement. Another improvement would be accounting for initial post-release 
mortality in founder populations. This potential remedy would also mean that release numbers 
can be explicitly modelled instead of those that have become established in founder populations. 
Larger release numbers would have to occur to compensate for initial mortality (Tracy et al. 
2011), thus increasing the pressure on the viability of source populations (Figure S4, see 
Appendices). Sustainable release numbers, particularly for populations that are genetically 
diverse, would thus likely be lower than the numbers indicated in the present study. Lower 
release numbers would not be conducive for the viability of founder populations (Figure S4, 
see Appendices).  
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Other parameters, such as sex ratio and sex-related breeding probability, may also require 
adjusting. Under Triver’s (1972) Parental Investment Theory, males are the limiting sex in 
terrestrial Leiopelma frogs (Bell 1985b). The sex ratio would thus be biased towards the 
competing sex (females). Females, however, produce large ova, which implies that a 
monogamous mating system with a 50/50 sex ratio is more biologically appropriate (Bell 1978; 
1985b). At this stage, we simply do not know enough about their reproductive biology (Bishop 
et al. 2013). Indeed, only model simulations with either a 50/50 or female-biased sex ratio, 
assuming biennial and annual breeding in females and males, respectively, led to self-sustaining 
populations. When both sexes were assumed to breed biennially, populations did not persist 
because of poor recruitment. Including additional parameters within the model would also be 
useful. For instance, adaptive potential may be modelled using a selection coefficient that 
favours certain alleles under various environmental scenarios (i.e. the HR effect, Hill & 
Robertson 1966). Nonetheless, even with these improvements, this model is not a substitute for 
others. This model acts as a complementary tool to those already established in conservation 
(e.g. ‘Vortex’, Lacy & Pollak 2014). ‘AlleleRetain’, for instance, accounts for varied migration 
rates and supplementary translocations (Weiser et al. 2012), whereas the present study’s model 
does not. Leiopelma frogs persist in isolated populations, thus migration is not an applicable 
factor to model. However, supplementary translocations have occurred for Leiopelma frogs 
(Bishop et al. 2013). Along with the inclusion of more biologically relevant parameter 
estimates, adjusting this model to enable the impacts of recurrent harvesting and release of 
individuals to be assessed would be useful. Collecting DNA data from managed populations 
would also provide a baseline for future genetic management of threatened species. As 
managers are often unaware of the genetic status of target populations (Weiser et al. 2012), 
such genetic assessments are indeed important and, along with the refinement of genetic 
models, would greatly contribute towards optimising translocation success. 
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Chapter Six – General Discussion 
 
Summary 
The aims of my research were to clarify the taxonomy of Leiopelma frogs, assess their genetic 
variation, and determine how genetic diversity can be maximised under translocation scenarios. 
I have therefore attempted to portray an example of how past, present and future perspectives 
can enhance conservation. This thesis is essentially a demonstration of conservation 
palaeobiology and how genetics is a useful tool for the conservation of these rare NZ endemic 
frogs. 
Taxonomy of Leiopelma 
For millions of years, species composition and distribution within the genus Leiopelma have 
been shaped by geological events such as glaciations and volcanism. Yet surprisingly, this 
genus is apparently not speciose. Nonetheless, there has been taxonomic debate for years 
(Holyoake et al. 2001; Fouquet et al. 2010a; Thurlow 2015). In Chapters Two and Three, I 
investigated the morphology and phylogenetics of Leiopelma spp., respectively. Skeletal 
morphology of extant Leiopelma spp. was largely indistinguishable (Chapter Two), yet there is 
genetic structuring within each of the two main extant clades (Holyoake et al. 2001; Fouquet et 
al. 2010a; Chapter Three). Furthermore, genetic structuring in L. hochstetteri is not an 
indication of cryptic species, thus the variation in external morphology depicted in Chapter Two 
simply represents different ecotypes. This conclusion is also supported by the incongruence 
between external morphology and phylogenetic relationships among populations of L. 
hochstetteri (see Figs. 2.9 & 4.3b). Virtually no mitochondrial genetic differences, however, 
were recorded between the morphologically similar L. hamiltoni and L. pakeka (see Holyoake 
et al. 2001; Thurlow 2015; Chapter Three). In addition, ancient DNA of late Quaternary fossil 
L. hamiltoni from the South Island mainland formed a single clade closely affiliated with these 
two island taxa (see also Seersholm et al. 2018). Based on the available ancient and modern 
molecular evidence, I therefore suggest that L. pakeka become synonymised with L. hamiltoni, 
in concordance with Holyoake et al. (2001) and Thurlow (2015). Though there was genetic 
differentiation between L. hamiltoni and L. pakeka based on microsatellite loci used in Chapter 
Four, this genetic difference most likely is primarily driven by genetic drift and the prolonged 
bottleneck that the population on Te Hoiere/Maud I. has experienced. Leiopelma hamiltoni on 
Takapourewa/Stephens I., in contrary, is potentially experiencing a temporal lag in the genetic 
impacts that this population suffered just over a century ago. In addition, although I suggested 
that all three extant terrestrial taxa represent a single, clinal species in Chapter Two, 
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phylogenetic and microsatellite evidence supports the separate species status between L. 
archeyi and L. hamiltoni/L. pakeka (Chapters Three & Four). To obtain a more comprehensive 
understanding of genetic structure in Leiopelma frogs, I also investigated ancient DNA from 
extinct Leiopelma spp. described by Worthy (1987a, b). Though multivariate morphometric 
analyses hinted at extinctions of cryptic taxa in the widespread Leiopelma markhami (see 
Chapter Two), ancient DNA analyses also indicated possible new Leiopelma spp. from the 
western and northern South Island (Chapter Three). Further ancient DNA analysis, such as 
sequencing whole or partial mitochondrial genomes from these late Quaternary fossil 
specimens (see Table S1 in Appendices), should determine whether additional Leiopelma spp. 
are to be included in the extinction list.  
 
One of the most important conclusions that Chapters Two and Three have highlighted however, 
is that genetic analyses should be performed in conjunction with morphological/osteological 
assessments. This conclusion is because morphological studies often reveal variation not 
detected by molecular studies, and vice versa (Pattern & Unitt 2002). Indeed, when I described 
the osteology of several new Holocene fossils of Leiopelma spp. from Central Otago (South 
Island), they differed somewhat in appearance from other southern taxa of Leiopelma. Based 
on this information, I postulated that these fossils represented a new extinct lineage of 
Leiopelma sister to L. auroraensis and L. markhami. However, when I sequenced ancient DNA 
from these Holocene fossils, they shared the same haplotype with L. auroraensis and fossils 
osteologically identified as L. markhami, hence it was not a new taxon after all. But performing 
ancient DNA analyses enabled me to go one step further other than just confirming or negating 
morphological classifications. Specifically, our previous understanding of the pre-human 
distribution of Leiopelma spp. was governed by osteological and morphological evidence, 
which were the only data available at the time (see Worthy 1987a, b). The incorporation of 
ancient DNA has since refined this pre-human distribution, and in cases like L. archeyi, has 
genetically confirmed earlier tentative fossil records and indicated possible new ones (e.g. 
northern South Island, see also Seersholm et al. 2018). This information identifies potential 
reintroduction sites for Leiopelma spp. but such considerations (e.g. Brown et al. 2016) should 
be met with caution. There are many criteria that require investigating prior to reintroductions, 
such as ensuring demographic and genetic viability of source and founder populations 
(Armstrong & Seddon 2008; IUCN/SSC 2013). 
 
Genetic Management of Leiopelma 
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Results from Chapter Three indicated that Leiopelma spp. have suffered major range 
contractions and genetic bottlenecks since human arrival. To explore the management 
implications for the viability of contemporary populations, I assessed the genetic diversity of 
natural and translocated populations of Leiopelma spp. via microsatellite loci in Chapter Four, 
followed by allele retention modelling in Chapter Five. As a genus, Leiopelma maintains low 
genetic variation among moderately to highly differentiated contemporary populations. Intra-
specific genetic variation in L. hochstetteri indicates that many sub-populations have 
experienced bottlenecks comparable to severely bottlenecked taxa, such as L. pakeka. The 
Otawa L. hochstetteri population, of the central North Island, is the most genetically 
depauperate unit within this species (see Gleeson et al. 2010; Lillie et al. 2015; Chapters Three 
& Four). Contrary to earlier ideas (e.g. Daugherty et al. 1981), L. hamiltoni on 
Takapourewa/Stephens I. had higher genetic diversity relative to other Leiopelma spp. Such 
genetic differentiation is possibly due to the timing of anthropogenic impacts, as whilst humans 
had impacted frog populations on the mainland and Te Hoiere/Maud I. for centuries, human 
colonisation and subsequent habitat clearance on Takapourewa/Stephens I. did not occur until 
the late 19th Century. Long generation times in Leiopelma frogs means that for L. hamiltoni, 
there is a potential temporal lag in the inevitable loss of genetic diversity. The intra-island 
translocation of L. pakeka to Boat Bay had minimal bottleneck and founder effects that are 
typical of other translocations involving genetically depauperate source populations (see 
Jamieson et al. 2008; Taylor & Jamieson 2008). Translocations of L. pakeka to other offshore 
islands and the North Island mainland (Zealandia Sanctuary, Wellington) would probably not 
have experienced bottleneck or founder effects.  
 
Considering that many populations of Leiopelma frogs persist in small numbers, inbreeding 
occurs among some frog populations, particularly in L. archeyi (Chapter Four). Translocations 
are an important conservation tool to try and mitigate the risk of inbreeding depression in 
managed populations, hence in Chapter Five I utilised a spatially-explicit individual-based 
model that assessed the genetic and demographic viability of populations under differing 
translocation scenarios. Model simulations indicated that the number of individuals released 
during translocations of Leiopelma frogs have generally been adequate to date, with releases of 
up to 100 frogs being the most preferred option to successfully establish founder populations 
without harming source populations.  
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Future directions and recommendations 
The immediate issue that conservation authorities now face is how the revised phylogeny of 
Leiopelma frogs might influence the allocation of limited resources (e.g. for predator control) 
among prioritised populations. During this study, the threat status for Leiopelma frogs was 
revised (Burns et al. 2018) following the NZ Department of Conservation Threat Classification 
System (Townsend et al. 2008). The recommended synonymisation of L. pakeka with L. 
hamiltoni, for instance, down-graded the threat status of L. hamiltoni from Nationally Critical 
to Nationally Vulnerable (Newman et al. 2013; Burns et al. 2018). This re-classification meant 
that L. pakeka was removed from the Taxonomically Indeterminate category and placed in the 
Taxonomically Indistinct category (Newman et al. 2013; Burns et al. 2018). Conservation 
funding for contemporary populations of L. hamiltoni/L. pakeka is likely to be reduced as there 
is now only one target frog species in this region (albeit managed as two ESUs). There are three 
island populations of L. hamiltoni/L. pakeka that are monitored once or twice every year 
(Nukuwaiata, Takapourewa/Stephens I., and Te Hoiere/Maud I.), thus with lower funding 
available, such monitoring may be scaled back. If so, less monitoring data will be collected, 
thereby jeopardising any future assessments involving population modelling and possibly our 
ability to detect negative trends in population demographics early enough to respond 
accordingly with appropriate management actions (see Barata et al. 2017). I therefore strongly 
agree with Garnett & Christidis (2017) in that careful consideration is required prior to potential 
changes in conservation management because of revised taxonomy.  
 
Populations of L. hochstetteri also fall into this category, as previously considered cryptic taxa 
are now recognised as Taxonomically Indistinct and At Risk- Declining; the Otawa population, 
for instance, was previously recognised as Taxonomically Indeterminate and Nationally Critical 
(Newman et al. 2013; Burns et al. in 2018). The scrutiny that Garnett & Christidis (2017) 
advocate, however, also applies to the taxonomic information provided, as erroneous 
interpretations of phylogeny can jeopardise the evolutionary adaptive potential of managed 
populations (e.g. Vignieri et al. 2006). As it stands, conservation authorities should continue 
to: 1) manage L. archeyi as two separate ESUs representing the Whareorino and Coromandel 
populations, 2) manage L. hamiltoni and L. pakeka as a single species but as two separate ESUs, 
and 3) manage major populations of L. hochstetteri as the 13 ESUs identified by Fouquet et al. 
(2010a).  
 
In addition, the “Northern Great Barrier Island swimming frog” described by Whitaker & Hardy 
(1985), a potential new taxon of Leiopelma that I have deliberately not previously addressed in 
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this thesis because of insufficient information, should remain in the Data Deficient category 
within the Threat Classification (Newman et al. 2013; Burns et al. in 2018). In brief, five main 
observations apparently distinguish this potential new semi-aquatic taxon from L. hochstetteri, 
in that the two frogs recorded were active during the day, inhabited a relatively fast-flowing 
stream, were lightly coloured, exhibited double-kicks when swimming, and sought refuge in 
underwater crevices (Whitaker & Hardy 1985). From my own observations of wild and captive 
L. hochstetteri, I believe only the double-kick swimming behaviour that Whitaker & Hardy 
(1985) observed is strikingly different, as L. hochstetteri generally swim with alternating hind 
leg kicks (pers. obs). It is possible that the two individuals observed were in fact unusually 
behaved L. hochstetteri (some captive frogs have been observed to exhibit what could be 
classed as unusual behaviour) but without further information, this tentative description of a 
possible new taxon of Leiopelma will continue to remain as Data Deficient.  
One of the main outcomes of this thesis is that there needs to be a stronger integration of genetic 
considerations in the management of Leiopelma populations. To do so would require fine-scale 
genetic assessments (e.g. genomics via single nucleotide polymorphisms, sensu Kardos et al. 
2016) of each population to determine how gene flow within, and potentially among, ESUs can 
be maximised via future supplementary translocations or natural migration. Genetic 
assessments using single nucleotide polymorphisms should prioritise mainland contemporary 
populations of Leiopelma, especially given the potential threat of future gold mining in 
Coromandel. Collecting DNA samples for genetic assessments may involve the non-invasive 
swabbing of frogs – though this sampling technique requires optimisation to increase DNA 
yield and quality. In cases where populations have been naturally isolated for millennia, 
previous studies recommended that human-assisted admixture should be avoided unless there 
is strong evidence for severe inbreeding depression or high risk of extinction (e.g. Jamieson et 
al. 2008). More recent studies indicate a less cautious approach; they suggest a low risk of 
outbreeding depression in hybridised populations (Frankham et al. 2011; Frankham 2015; 
Frankham et al. 2017; Ralls et al. 2018). Encouragingly, very little migration is generally 
required for a significant increase in genetic diversity (Jamieson et al. 2008; Grueber et al. 
2017). Furthermore, the release of captive-bred individuals back into wild populations may be 
an option to ensure that individuals that possess genetic variation pass on their diversity, and 
thus replenish the gene pool of wild populations (Lacy 1987; Allendorf & Luikart 2007).  
 
Determining whether genetic variation is adaptive or non-adaptive also warrants conservation 
attention (Hoffmann et al. 2017). Specifically, Hoffmann et al. (2017) argue that assessing the 
genetic variation of adaptive significance, such as via genomics, is a better predictor of the 
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long-term viability of populations than genetic variation overall. Large populations, for 
instance, are expected to exhibit faster and more frequent directional shifts in favoured alleles 
than small populations, given their higher allelic diversity, and novel mutation rates (Jamieson 
et al. 2008; Hoffmann et al. 2017). Lillie et al. (2015) assessed the major histocompatibility 
complex (MHC) class II B gene (DAB) in L. hochstetteri which, unlike microsatellites that 
mainly represent neutral evolutionary processes (e.g. genetic drift), is a functional marker 
influenced by neutral and selective forces (Lillie et al. 2015). High differentiation in L. 
hochstetteri populations, driven by minimal or no dispersal, thereby suggests local adaptation 
to strong spatial and/or temporal variation in natural selection pressures (Alcaide 2010; Lillie 
et al. 2015). For instance, each ESU has likely co-evolved with localised pathogens, hence the 
selection for distinct DAB supertypes (Hedrick 2002; Lillie et al. 2015) – indeed, Shaw et al. 
(2014) demonstrated that bacteria possibly involved in cutaneous defences were species and 
population specific in L. hochstetteri – but also in L. archeyi. Low differentiation in DAB 
supertype structure, such as that observed between the northern and central Coromandel ESUs 
of L. hochstetteri, would suggest similar environmental stressors impacting the selective 
pressures in both these units (Lillie et al. 2015).  
 
Interpretations of genetic differentiation, however, need to be treated with caution. For example, 
genetic differentiation of microsatellite loci among source and newly established translocated 
populations of the natterjack toad (Epidalea calamita) were thought to include the directional 
selection of one founder population given differences in habitat at the release site (Rowe et al. 
1998). Taylor & Jamieson (2008) pointed out that genetic differences, but similar levels of 
genetic variation (as in E. calamita, see Rowe et al. 1998), are primarily caused by changes in 
allele frequency distributions, rather than the presence of unique, locally-adapted alleles in 
individual populations. Differences in allele frequency would be too recent in translocated 
populations to be caused by local adaptation, thus the random sampling of the source population 
(founder effect) and subsequent genetic drift are the most likely factors responsible. Further, 
low allelic diversity among populations would mean that they are equally ill-adapted to 
environmental changes (Taylor & Jamieson 2008). Lillie et al. (2015) also investigated how the 
relationship between genetic drift and directional selection affected allelic DAB diversity in L. 
hochstetteri. For instance, the southern Coromandel and Otawa ESUs of L. hochstetteri were 
shown to possess the lowest genetic diversity at both neutral and functional marker types, hence 
this may indicate stronger genetic drift forces, rather than natural selection, acting on the MHC 
in these units (Lillie et al. 2015). Indeed, a meta-analysis of empirical data showed that selection 
cannot maintain MHC variation; neutral and functional genetic diversity are generally lost 
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during bottlenecks, but more so in the latter (by ca. 15 %) (Sutton et al. 2011). Conservation 
authorities should therefore view patterns of neutral genetic variation as conservative proxy 
estimates of the true loss of adaptive genetic diversity (Sutton et al. 2011).  
 
The management of threatened populations with regards to maintaining adaptive diversity is 
paramount to minimise the impacts of disease, as levels of immunity may be compromised by 
inbreeding and loss of genetic variation (Frankham et al. 2002; Keller & Waller 2002; Jamieson 
et al. 2008; Lillie et al. 2015). Although some studies have shown conflicting evidence where 
low MHC diversity does not reduce long-term population viability (e.g. great crested newt, 
Triturus cristatus, see Babik et al. 2009), the risk of novel pathogens continues to remain a 
concern for amphibian conservation (Babik et al. 2009). Pathogen-MHC associations have not 
been assessed in Leiopelma frogs, but the high MHC diversity in L. hochstetteri (see Lillie et 
al. 2015) may indicate why this genus seems immune against the local strain of the pathogen 
Batrachochytrium dendrobatidis (Bd) (see Bishop et al. 2009; Ohmer et al. 2013; Shaw et al. 
2013), though Bell et al. (2004b) believed Bd was responsible for major declines in L. archeyi. 
The possibility of high MHC diversity being genus-wide in Leiopelma requires further 
investigation, including how MHC variation influences the susceptibility of Leiopelma to other 
diseases (Lillie et al. 2015). Such investigations would be particularly useful for populations 
with low DAB diversity, such as the Otawa L. hochstetteri population (Lillie et al. 2015). It 
should be noted however that susceptibility to disease is not restricted to genetic variation – 
other factors such as conspecific interactions and population density will also be responsible 
(Jamieson et al. 2008). So far five of the 13 recognised ESUs of L. hochstetteri have been 
assessed for adaptive variation, but further investigations are strongly recommended especially 
with regards to pathogen susceptibility and MHC associations (see Lillie et al. 2015). In the 
meantime, maximising overall genetic variation should still enable at least some adaptive alleles 
to persist in future generations, namely through migration.  
 
One way to facilitate natural gene flow, rather than controlled gene flow via translocations, is 
to manage mainland areas between isolated populations to create ecological corridors. Indeed, 
if surrounding habitat is made available (for instance, due to predator control), then in the face 
of environmental changes, populations may have the capacity to shift occupied ranges (i.e. track 
habitat) or inhabit refugial areas. For the latter, managed environments need to be 
heterogeneous as habitat quality changes over time (Mathewson & Morrison 2015). Whether 
populations track habitat or remain in situ but become restricted to habitat refuges following 
the extirpation of intermediate populations can be inferred by the absence or presence of 
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phylogeographic structuring, respectively (e.g. Rawlence et al. 2012). Indeed, in Leiopelma 
taxa extirpated from the South Island, it is clear from their diverse genetic structure that 
populations inhabited multiple refugial habitats during glacial periods. For L. archeyi, 
population responses to environmental changes are unclear, mainly due to the lack of 
geographical coverage of genetic data, but climatic modelling suggests that contemporary 
populations are at high risk (Tocher 2015). However, stable isotopes (δ13C and δ15N) have also 
been utilised to determine whether populations tracked habitat (e.g. Rawlence et al. 2012), 
though isotope results from fossils must be treated with caution (Rawlence et al. 2016b). To 
date, only Najera-Hillman et al. (2009) have investigated stable isotopes in Leiopelma spp.; 
they focused on a single extant population of L. hochstetteri. Comparing stable isotopes 
between pre-human and extant populations of species is a particularly useful conservation tool 
to provide insights into habitat requirements (e.g. Holdaway et al. 2013), and responses to 
human-mediated environmental changes (e.g. Hofman et al. 2016), especially climate change.  
In comparison to the advancement in reintroduction biology for other NZ and Australian species 
(see Moro et al. 2015), the reintroduction biology of Leiopelma spp. has lagged for decades. As 
Moro et al. (2015) pointed out, reintroduction biology for most target species has advanced 
significantly in many ways, including: improved genetic management of populations, 
quantitative modelling (e.g. population viability analyses, reintroduction site suitability, etc.), 
and improved documentation/record keeping. Aside from the ongoing monitoring of several 
translocated populations of Leiopelma spp. (Boat Bay, Nukuwaiata, and Pureora), why then 
have we not advanced in these areas? One of the most obvious explanations is the difficulty of 
obtaining population parameters due to the longevity and cryptic nature of Leiopelma spp. 
(Bishop et al. 2013). Most translocated populations, for instance, have persisted in the short to 
medium term and adult recruitment has been recorded (e.g. Tocher & Pledger 2005; Bell & 
Pledger 2010), but the long-term persistence of these populations remains uncertain. Bayesian 
(or frequentist) methods can be used to model population parameters of interest (e.g. fecundity, 
dispersal, etc.), as they account for parameter uncertainty associated with the lack of biological 
data, including demographic and environmental stochasticity (Chauvenet et al. 2015). 
Predictions for proposed translocations can be based on existing translocated populations, and 
their a priori distributions subsequently updated when further post-release monitoring data 
become available (Dimond & Armstrong 2007; Chauvenet et al. 2015). That way, we can 
regularly improve predictions and enable effective population management (Chauvenet et al. 
2015). While continued monitoring is obviously advisable, an additional recommendation 
would be to perform Bayesian analyses on existing monitoring data. Though there is high 
uncertainty associated with the available data, no attempt at indepth exploration of monitoring 
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data has been made. Once this occurs, a re-analysis using the spatially-explicit individual-based 
model in Chapter Five would enable more accurate estimates of ‘optimal’ release numbers to 
be identified compared to the results that I presented. Including a selection coefficient so that 
adaptive potential can be modelled is also worth aiming for. In the meantime, however, aiming 
for the release of up to approximately 100 individuals seems adequate based on model 
simulations, though this suggested release number may be inappropriate for real-world cases 
given the caveats that I identified in Chapter Five (e.g. not accounting for initial mortality). 
Indeed, initial results of refined model simulations suggest release numbers should comprise at 
least 100 individuals, for those sourced from genetically depauperate populations (Figure S4, 
see Appendices, Easton, Bishop & Whigham, in review).  
Although reintroduction biology of Leiopelma frogs has not yet gained momentum, other 
aspects of conservation biology certainly have. With regards to the short-term conservation 
research goals proposed by the Native Frog Recovery Plan 2013–2018 (Bishop et al. 2013), 
three key fields of biology have been investigated, including: susceptibility to disease (Ohmer 
et al. 2013; Shaw et al. 2013), impacts of introduced predators (Egeter et al. 2015, in review; 
Longson et al. 2017), and more recently, genetics (Lillie et al. 2015; Thurlow 2015; this study). 
Obtaining information on population parameters, additional genetic data, and predicted 
responses of populations to climate change should now be prioritised (e.g. Miller et al. 2012). 
It is thus timely that this Recovery Plan is due for a review, but we must also acknowledge that 
progress in understanding disease and predator impacts – along with the first steps towards 
conservation genetics – is a reason to celebrate. It is these small steps that enable conservation 
biologists to slowly work towards the overall goal which is to secure target taxa from extinction. 
For long-lived species like Leiopelma frogs, it usually takes decades before we have the 
privilege to witness first-hand the benefits that conservation management provides. It is 
frustrating, but it reinforces why we should not take small achievements for granted given that 
every step leads towards a bigger picture – in this case, a future where Leiopelma frogs can 
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Running title: Late Pliocene leiopelmatid frogs 
 
Abstract 
Fossil evidence has confirmed the presence of Leiopelma frogs in New Zealand during the Early 
Miocene (16–19 Ma) and late Quaternary (30 Kya to present), but until now there were no 
known leiopelmatid fossils from the Pliocene (5–2 Ma). Here we describe eight late Pliocene 
frog fossils including two from a new leiopelmatid species (Leiopelma waiparaensis) from the 
central-eastern South Island which we hypothesise to be ancestral to extant taxa. The extinction 
of Leiopelma frogs from this area may have been because of increased regional aridity in the 
central-eastern South Island following continued uplift of the Southern Alps and global climatic 
cooling with the onset of Pleistocene glacial-interglacial cycles. Such fossil discoveries provide 
new and significant insights into how climatic and geological interactions have shaped the 
evolution of New Zealand’s unique biota, especially for taxa that have no or limited pre-
Quaternary fossil records.   
 
Key words: Glaciation – Leiopelma – New Zealand – Pliocene fossils 
 
Introduction 
The endemic frogs of New Zealand (Leiopelmatidae, Leiopelma Fitzinger, 1861) and North 
America (Ascaphidae, Ascaphus Stejneger, 1899) are considered highly divergent sister taxa, 
at the stem of all other living anurans. Leiopelmatidae and Ascaphidae together represent one 
of the four main anuran lineages that diverged prior to the break-up of Pangaea c. 180–150 Ma 
into the northern hemisphere Laurasia and southern hemisphere Gondwana (Roelants & 
Bossuyt 2005; San Mauro et al. 2005; Irisarri et al. 2010; Carr et al. 2015). Following this 
continental break-up, it is hypothesised that Leiopelmatidae and Ascaphidae evolved in 
isolation on Gondwana and Laurasia, respectively, with Leiopelmatidae eventually becoming 
isolated on Zealandia c. 80–55 Ma (Worthy & Holdaway 2002; Roelants & Bossuyt 2005). 
Marine transgression occurred throughout the Eocene until its maximum during the Oligocene 
c. 35–25 Ma (Worthy & Holdaway 2002; Carr et al. 2015). Contrary to the hypothesis of 
complete marine inundation of Zealandia (Landis et al. 2008), mitogenomic evidence suggests 
at least two leiopelmatid lineages survived this marine transgression with an estimated 
divergence time of 67 to 120 Ma for the crown group of Leiopelma taxa (Carr et al. 2015). The 




Fauna, Worthy et al. 2013 and references therein) prior to global climatic cooling and regional 
mountain uplift during the Pliocene (Mildenhall 1980; Chamberlain et al. 1999). 
 
Fossil evidence has confirmed the presence of Leiopelma in NZ during the Early Miocene 16–
19 Ma and late Quaternary (20 Ka to present) before widespread human driven extinctions and 
population declines that have occurred since the late 13th Century (Worthy 1987a, b; 
Wilmshurst et al. 2008; Worthy et al. 2013; Easton et al. 2018). The Miocene St Bathans fauna 
includes two Leiopelma species: L. miocaenale Worthy et al., 2013 and L. acricarina Worthy 
et al., 2013. Leiopelma acricarina is morphologically dissimilar from all known Leiopelma 
species whereas L. miocaenale is hypothesised to be ancestral to late Quaternary taxa given 
morphological similarities to the extinct L. auroraensis Worthy, 1987 and L. markhami Worthy, 
1987, and the extant L. hochstetteri Fitzinger, 1861 (see Worthy et al. 2013; Carr et al. 2015). 
The late Quaternary Leiopelma auroraensis and L. markhami are morphologically similar to L. 
hochstetteri, while the extinct L. waitomoensis Worthy, 1987 is similar to the extant L. archeyi 
Turbott, 1942, and L. hamiltoni McCulloch, 1919 (see Worthy 1987b; Worthy et al. 2013). 
Based on osteological, morphological, and molecular evidence (see Holyoake et al. 2001; 
Worthy et al. 2013; Thurlow 2015; Easton et al. 2018), we treat a fourth extant taxon, L. pakeka, 
Bell et al., 1998, as a synonym of L. hamiltoni. The taxonomic distinctiveness of L. archeyi and 
L. hamiltoni has also been questioned (Easton et al. 2018).  
 
To date there is no fossil evidence of Leiopelma from the Pliocene, nor any indication of these 
frogs’ existence in the central-eastern South Island during any time period where semi-arid 
conditions have persisted for at least the past 2 Ma (Worthy 1987a; Chamberlain et al. 1999; 
Craw et al. 2013) – Leiopelma were only recorded from wet, forested regions in the North Island 
and the western-southern South Island (Easton et al. 2018). Here we describe eight new late 
Pliocene leiopelmatid fossils, representing a new species, from the central-eastern South Island. 
This new species probably became extinct during the onset of the Pliocene cooling and 
Pleistocene glaciations. Such fossil discoveries provide significant new insights into how 
climatic and geological interactions have shaped the evolution of New Zealand’s unique biota 
– especially taxa that are considered ‘ghost lineages’ due to no or limited pre-Quaternary fossil 
records.   
 
Materials & Methods 
Abbreviations 
Ma, Million years; Ka, Thousand years; SVL, snout-vent length; NMNZ, Museum of New 
Zealand Te Papa Tongarewa, Wellington, New Zealand; WO, Waitomo Caves Museum, 
Waitomo, New Zealand. 
 
Comparative material 
The leiopelmatid fossils were compared to osteological measurements and morphological 
descriptions provided by Worthy (1987b), Worthy et al. (2013), and Easton et al. (2018), and 
to the following specimens of Leiopelma: L. hochstetteri, NMNZ AM.185, AM.201, AM.204–
206 & AM.321, and the Holocene fossil NMNZ S.23137; L. hamiltoni (including L. pakeka), 
NMNZ AM.292, AM.293, AM.177–81, AM.187, AM.188, AM.198, AM.200, AM.300, 
AM.302, AM.305, AM.311 & AM.332, and Holocene fossils: NMNZ S.27939 & S.34263; L. 
archeyi, NMNZ AM.183, AM.184, AM.186, AM.189, AM.191, AM.193–197, AM.207, 
AM.318, AM.320, and Holocene fossils: WO 15240, 321.4, 321.5, 306.3 & 330; L. markhami, 
NMNZ S.43604, S.32468 & S.22743; L. auroraensis, NMNZ S.23413; L. waitomoensis, 






Four different osteological characters of the ilium reported by Worthy et al. (2013) were used 
to distinguish the Late Pliocene fossils from all other Leiopelma: 1) the presence or absence of 
an overlap between the posterior extent of the tuber superior with the anterior extent of the 
acetabular margin, 2) equal or unequal depths of the ilial shaft at the anterior and posterior ends 
of the tuber superior, 3) posterior or anterior location of the supracetabular fossa in relation to 
the anterior rim of the acetabulum, and 4) divergence of the pars ascendens and pars descendens 




Figure 1. Distal section of right ilia in lateral aspect, showing the osteological characters used to 
distinguish the Late Pliocene fossils from other Leiopelma. Abbreviations: a, acetabular; pa, pars 
ascendens; pd, pars descendens; sf, supraacetabular fossa; ts, tuber superior. Arrows indicate the 
posterior and anterior ends of the tuber superior of the ilial shaft. Dotted line indicates the position of 
the anterior rim of the acetabular. Grey shaded area indicates the angle of divergence (X°) measured for 
the pars ascendens and pars descendens.    
 
Site, excavation and palaeoenvironment 
The leiopelmatid fossils were collected from the Pliocene Kowai Formation by Bruce Marshall, 
Phillip Maxwell, and Al Mannering on the 6th May 2005, from the right bank of the Waipara 
River (North Branch), 300 m north of the junction with Tommys Stream, near Bellefield 
Station, north Canterbury, South Island, New Zealand, 43˚ 00. 32’S 172˚ 32. 47’ E. New 
Zealand Fossil Record Site M33/f0030. Analysis of sporites and pollenites indicate that the 
strata these fossils were found in are stratigraphically near the top of the Kowai Formation (c.f. 
Marshall & Worthy 2017, pg. 295) and are Waipipian–Mangapanian (3.7–2.4 Ma) in age. 
 
Fragmentary fossils of freshwater fish (Actinopterygii, NMNZ S.46461), skinks (Reptilia: 
Scincidae, NMNZ S.46459), unidentified Squamata (Reptilia, NMNZ S.46460), avian eggshell 
(NMNZ S.46450), and a partial avian tibiotarsus (NMNZ S.46462) comparable in size to tui 
(Prosthemadera novaeseelandiae) were also found within the same stratigraphic layer. The 
Kowai Formation is a widespread outcrop throughout the central South Island. Deposition of 
the Kowai Formation was studied by Gregg (1959) and Mildenhall (2001) who determined that 
the formation indicates a glacially induced series of strata that vary in age from Kapitean (6.5–
5 Ma) to Nukumaruan with the youngest sequences found further north. During the early phases 
of deposition, the climate was warmer and more humid than the present day, as evidenced by 
the presence of abundant Araucaria, Nothofagus (Brassospora) beech and Casuarina pollen. 




Nothofagus (Fuscospora) beech forest, indicative of an interglacial climate not dissimilar from 
that experienced in present-day beech forests. Pollenites in the Waipara River (North Branch) 
indicate a rich temperate forest flora and this combined with primarily terrestrial molluscs and 
reptiles, indicates a lacustrine environment. We suggest that the sedimentology and excavated 
mudstone debris suggest a low energy environment such as an oxbow in a palaeo-river where 




Amphibia Gray 1825 
Anura Duméril, 1806 
Archaeobatrachia Reig, 1958 
Leiopelmatidae Mivart, 1869 
Leiopelma Fitzinger, 1861 
 
The fossils are identified as crown group Leiopelma due to the following synapomorphies: ilium 
with relatively low tuber superior; an elliptical ilial shaft with no crista dorsalis present; a 
prominent shaft ridge located dorsally on a sinuous femur; bilobed tibiofibulae that lack the 
fusion boundary along the mid-shaft; and bilobed radioulnae with a well-developed olecranon 
process (see Worthy 1987b; Worthy et al. 2013). 
 
Leiopelma waiparaensis sp. nov. 
Holotype, NMNZ S.46449, partial right ilium (Fig. 2A); paratype, NMNZ S.46453, partial 
right ilial shaft (Fig. 2B). 
 
Etymology 
Named after the Waipara River, the type locality from where these fossils were collected. 
 
Differential diagnosis 
A leiopelmatid frog similar in size to L. archeyi and L. hochstetteri (c. 40 mm SVL) but with 
robust hind limbs and distinguished from all other Leiopelma by the following characters: a low 
elongated tuber superior of the ilium which does not overlap with the acetabular margin; 
unequal depths of the ilial shaft anterior and posterior to the tuber superior; the supracetabular 
fossa of the ilium is positioned posteriorly in relation to the anterior rim of the acetabulum; and 
moderate divergence of the pars ascendens and pars descendens of the ilium in the lateral profile 
(c. 65˚). The holotype fossil NMNZ S.46449 has no overlap between the tuber superior and the 
acetabular margin of the ilium, as in late Quaternary Leiopelma, but contrasts with the holotype 
of L. miocaenale, NMNZ S.52919. The tuber superior of the ilium is weak in the fossil NMNZ 
S.46449 and L. miocaenale but is either virtually absent or prominent in late Quaternary 
Leiopelma. Although the fossil NMNZ S.46453 is a partial ilial shaft with the acetabular 
expansion missing (and not from the same bone as NMNZ S.46449), the anterior section of the 
tuber superior attenuates shallowly. As such, the relatively deeper depression of the posterior 
section of the tuber superior in the fossil NMNZ S.46449 suggests an unequal shaft depth and 
hence is similar to that observed in L. miocaenale. Late Quaternary Leiopelma have relatively 
equal ilial shaft depths. The most distinguishing feature of the fossil NMNZ S.46449 is the 
posterior location of the supracetabular fossa in relation to the acetabular rim. The only other 
leiopelmatids to have such positioning of the supracetabular fossa of the ilium are L. miocaenale 
and L. waitomoensis (although the supracetabular fossa is located more posteriorly in L. 
waitomoensis than in L. miocaenale). However, the supracetabular fossa is located even more 
posteriorly in the fossil NMNZ S.46449 compared to both these species. Divergence in the 




moderate (c. 65˚) in the fossil S.46449, whereas divergence is weak (c. 47˚) in L. miocaenale 
and strong (c. 80˚) in all late Quaternary leiopelmatids.  
 
Indeterminate specimens tentatively referred to as Leiopelma waiparaensis sp. nov. 
Six additional fossils are not diagnostic (fragments of radioulnae, tibiofibulae and femora) but 
are consistent in morphology with leiopelmatids and are possibly from L. waiparaensis.  
 
Specimens 1–3. NMNZ S.46452, S.46456 (Fig. 2C) & S.46457, partial radioulnae shafts. 
Measurements: c. 0.6–0.7 mm width.  
 
Specimens 4–5. NMNZ S.46454 (Fig. 2D) & S.46451, partial tibiofibulae shafts. 
Measurements: c. 1.3–2 mm width.  
 




Dorsal-ventral and medial-lateral measurements of the ilia posterior to the tuber superior but 
anterior to the acetabular expansion in NMNZ S.46449 were c. 0.7 mm and 0.5 mm, 
respectively. These measurements are similar to those in L. archeyi (c. 0.6–0.8 mm and 0.4–0.5 
mm) and in L. hochstetteri (c. 0.5–1.0 mm and 0.4–0.7 mm) but are smaller than L. hamiltoni 
(c. 0.8–1.2 mm and 0.6–0.7 mm). Mid shaft widths of the radioulnae, however, are comparable 
between all extant taxa (c. 0.5–1.0 mm) and the Pliocene fossils NMNZ S.46452 and S.46456 
(c. 0.6–0.7 mm). The mid shaft width of the tibiofibula in the Pliocene fossil NMNZ S.46454 
is relatively larger (c. 1.3 mm) than in extant taxa (c. 0.6–1.0 mm) but is similar to that observed 
in extinct late Quaternary taxa (c. 0.9–2.6 mm). The distal width of the femur in the Pliocene 
fossil NMNZ S.46455 (c. 1.7 mm) is similar to both extant and extinct late Quaternary taxa (c. 




Figure 2. Fossils of Leiopelma waiparaensis. Partial right ilia in lateral aspect, NMNZ S.46449 
(Holotype) and S. 46453 (Paratype) (A & B), partial radioulnae, NMNZ S.46456 (C), partial 
tibiofibulae, NMNZ S.46454 (D), and partial femur, NMNZ S.46455 (E). Abbreviations: a, acetabular; 






Here we report the discovery of a new species of Leiopelma frog, the first fossil record of 
leiopelmatids from the Pliocene and from the central-eastern South Island. Although this 
description is based on only two diagnostic elements several osteological features in Leiopelma 
waiparaensis are also present in the Miocene taxon L. miocaenale, which, based on humeral 
morphology and estimated SVL, is considered ancestral to several late Quaternary species 
(Worthy et al. 2013). Given the osteological similarities between L. waiparaensis and L. 
miocaenale, L. waiparaensis may therefore represent a lineage derived from L. miocaenale 
ancestral to late Quaternary taxa. Indeed, hindlimbs of L. waiparaensis were robust relative to 
their SVL (c. 40 mm), similar to the extinct South Island endemic L. auroraensis and the widely 
distributed L. markhami, whereas forelimb size and estimated SVL of L. waiparaensis were 
comparable to the smallest extant taxa, L. archeyi and L. hochstetteri (see Worthy 1987b; 
Easton et al. 2018). Furthermore, there is no overlap in size between the tuber superior and 
acetabular margin in L. waiparaensis and all late Quaternary species. A partial right tibiofibula, 
NMNZ S.50829, presumably from the Miocene taxon L. acricarina, described by Worthy et al. 
(2013) as being similar in size and form to tibiofibulae of L. hamiltoni. Leiopelma acricarina 
is not as robust as L. waiparaensis. This element is notable as Worthy et al. (2013) reported, in 
being osteologically distinct from all other leiopelmatids. Hence, we suggest that no derived 
lineage(s) of L. acricarina persisted beyond the onset of climatic cooling from the Late Miocene 
into the Pliocene (see Worthy & Holdaway 2002; Craw et al. 2013). Indeed, climate cooling 
and glacial deforestation marked a pronounced faunal turnover during this time as habitats 
became more open, and the climate drier and windier (e.g., Rawlence et al. 2017; Scofield et 
al. 2017). 
 
Following the decline and extinction of the subtropical Miocene biota, mountain uplift along 
the Alpine Fault and subsequent Pleistocene glaciation triggered local rain shadow aridification 
in the southern and eastern regions of the South Island (Craw et al. 2013). We suggest that 
southern broadleaf forests and scrubland (see Wood 2007) would have become refugial habitats 
for many taxa, including the ancestors of L. auroraensis and L. markhami. Furthermore, 
geological isotopic signatures indicate that the most pronounced rain shadow was in southern 
NZ, moderate semi-arid conditions were present east of the Southern Alps (Craw et al. 2013). 
Late Quaternary fossil and natural distributions of Leiopelma are restricted to regions associated 
with high rainfall (Bell et al. 1985; Easton et al. 2018). As such, we hypothesise that 
aridification during the Pliocene led to a complete loss of habitat for Leiopelma in the central-
eastern South Island. Though Leiopelma is considered a dispersal limited taxon (e.g., Tessier et 
al. 1991) of vicariant Gondwanan origin (Bell et al. 1985; Worthy & Holdaway 2002), 
Leiopelma are clearly capable of dispersing long distances over evolutionary timescales (e.g., 
L. markhami was distributed along virtually the entire length of NZ despite a hypothesised 
southern South Island origin, Worthy et al. 2013). Such dispersal abilities indicate that 
Leiopelma likely tracked changes in the spatial distribution of preferred habitat during the 
Pleistocene glaciations elsewhere in New Zealand (as seen in other species such as moa, 
Rawlence et al. 2012). However, given the widespread loss of available habitat due to 
aridification (unlike the persistence of refugial forest/scrubland habitats in the southern South 
Island), L. waiparaensis – along with any other Leiopelma inhabiting the central-eastern South 
Island during this time period – would have faced extinction. Further excavations of late 
Pliocene material at Waipara and new phylogenetic analyses incorporating both genetic (from 
late Quaternary fossils) and morphological data are necessary to provide additional details of 






We thank Jean-Claude Stahl (NMNZ) for providing images of the fossil Leiopelma material 
and to Ken Miller (Department of Zoology, University of Otago) for figure formatting. 
 
Literature Cited 
Bell BD, Newman DG, Daugherty CH. 1985. The ecological biogeography of the archaic 
New Zealand herpetofauna (Leiopelmatidae, Sphenodontidae). In: Grigg G, Shine R, 
Ehmann H (eds). The biology of Australasian frogs and reptiles. Australia, Surrey Beatty 
and Sons. p. 99–106. 
Bell BD, Daugherty CH, Hay JM. 1998. Leiopelma pakeka, n. sp. (Anura: Leiopelmatidae), a 
cryptic species of frog from Maud Island, New Zealand, and a reassessment of the 
conservation status of L. hamiltoni from Stephens Island. Journal of the Royal Society of 
New Zealand. 28:39–54.  
Carr LM, McLenachan PA, Waddell PJ, Gemmell NJ, Penny D. 2015. Analyses of the 
mitochondrial genome of Leiopelma hochstetteri argues against the full drowning of New 
Zealand. Journal of Biogeography. 42:1066–1076. 
 
Chamberlain CP, Poage MA, Craw D, Reynolds RC. 1999. Topographic development of the 
Southern Alps recorded by the isotopic composition of authigenic clay minerals, South 
Island, New Zealand. Chemical Geology. 155:279–294. 
 
Craw D, Druzbicka J, Rufaut C, Waters J. 2013. Geological controls on palaeo-environmental 
change in a tectonic rain shadow, southern New Zealand. Palaeogeography, 
Palaeoclimatology, Palaeoecology. 370:103–116. 
 
Duméril A.M.C. 1806. Zoologie analytique, ou méthode naturelle de classification des 
animaux, rendue plus facile à l’aide de tableaux synoptiques. Paris, Allais: i-xxxiii + 1-
544. 
Easton LJ, Rawlence NJ, Worthy TH, Tennyson AJD, Scofield RP, Easton CJ, Bell BD, 
Whigham PA, Dickinson KJM, Bishop PJ. 2018. Testing species limits of New Zealand’s 
leiopelmatid frogs through morphometric analyses. Zoological Journal of the Linnean 
Society. 183:431–444. 
 
Fitzinger LJ. 1861. Die Ausbeute der österreichischen Naturforscher an Säugethieren und 
Reptilien während der Weltumsegelung Sr. Majestät Fregatte Novara.- Sitz.-ber. Kaiserl. 
Akad. Wiss. math.-naturwiss. Classe, Wien. 42: 383–416. 
 
Gray JE. 1825. A synopsis of the genera of reptiles and Amphibia, with a description of some 
new species. Annals of Philosophy. Series 2. London. 10:193–217. 
Gregg DR. 1959. Stratigraphy of the lower Waipara Gorge, North Canterbury. New Zealand 
Journal of Geology and Geophysics. 2:501–527. 
 
Holyoake A, Waldman B, Gemmell NJ. 2001. Determining the species status of one of the 
world’s rarest frogs: a conservation dilemma. Animal Conservation. 4:29–35.  
 
Irisarri I, San Mauro D, Green DM, Zardoya R. 2010. The complete mitochondrial genome of 
the relict frog Leiopelma archeyi: Insights into the root of the frog Tree of Life. 




Landis CA, Campbell HJ, Begg JG, Mildenhall DC, Paterson AM, Trewick SA. 2008. The 
Waipounamu erosion surface: questioning the antiquity of the New Zealand land surface 
and terrestrial fauna and flora. Geological Magazine. 145:173–197. 
 
Marshall BA, Worthy TH. 2017. Miocene land snails (Mollusca: Gastropoda: Pulmonata) 
from palaeolake Manuherikia, southern New Zealand. Journal of the Royal Society of New 
Zealand. 47:294–318. 
 
Mildenhall DC. 1980. Palynology of the Plio-Pleistocene Glen-tanner Formation (Ostler 
Beds) of Central Otago, Metric Sheets H37, H38. Palynology report DCM 45/80, New 
Zealand Geological Survey, Wellington, New Zealand. 
 
Mildenhall DC. 2001. Pollen analysis of Pliocene‐Pleistocene Kowai Formation (Kurow 
Group), Mackenzie Basin, South Canterbury, New Zealand. New Zealand Journal of 
Geology and Geophysics. 44:97–104. 
Mivart St.G. 1869. On the classification of the anurous batrachians. Proceedings of the 
Zoological Society of London. 280–295. 
Rawlence NJ, Metcalf JL, Wood JR, Worthy TH, Austin JJ, Cooper A. 2012. The effect of 
climate and environmental change on the megafaunal moa of New Zealand in the absence 
of humans. Quaternary Science Reviews. 50:141–153. 
Rawlence NJ, Kardamaki A, Easton LJ, Tennyson AJD, Scofield RP, Waters JM. 2017. 
Ancient DNA and morphometric analysis reveal extinction and replacement of New 
Zealand’s unique black swans. Proceedings of the Royal Society B: Biological Sciences. 
284 (1859):20170876. doi:10.1098/rspb.2017.0876. 
Reig O. 1958. Proposiciones para una nueva macrosistemática de los Anuros (nota 
preliminar). Physis. 21:109–118. 
Roelants K, Bossuyt F. 2005. Archaeobatrachian paraphyly and Pangaean diversification of 
crown-group frogs. Systematic Biology. 54:111–126. 
San Mauro D, Vences M, Alcobendas M, Zardoya R, Meyer A. 2005. Initial diversification of 
living amphibians predated the breakup of Pangaea. The American Naturalist. 165:590–
599. 
Scofield RP, Mitchell KJ, Wood JR, De Pietri VL, Jarvie S, Llamas B, Cooper A. 2017. The 
origin and phylogenetic relationships of the New Zealand ravens. Molecular Phylogenetics 
and Evolution. 106:136–143. 
Tessier C, Slaven D, Green DM. 1991. Population density and daily movement patterns of 
Hochstetter’s frogs, Leiopelma hochstetteri, in a New Zealand mountain stream. Journal of 
Herpetology. 25:213–214.  
Thurlow L. 2015. Deducing the phylogeny of New Zealand’s endemic frog genus, Leiopelma. 
Unpublished MSc thesis, University of Otago, Dunedin, New Zealand. 
Wilmshurst JM, Anderson AJ, Higham TFG, Worthy TH. 2008. Dating the late prehistoric 





Wood JR. 2007. Pre-settlement paleoecology of Central Otago’s semi-arid lowlands, with 
emphasis on the pre-settlement role of avian herbivory in South Island dryland ecosystems, 
New Zealand. Unpublished PhD thesis, University of Otago, Dunedin, New Zealand. 
Worthy TH. 1987a. Palaeoecological information concerning members of the frog genus 
Leiopelma: Leiopelmatidae in New Zealand. Journal of the Royal Society of New Zealand. 
17: 409–420.  
Worthy TH. 1987b. Osteology of Leiopelma (Amphibia: Leiopelmatidae) and descriptions of 
three new subfossil Leiopelma species. Journal of the Royal Society of New Zealand. 17: 
201–251. 
Worthy TH, Holdaway RN. 2002. The lost world of the moa: prehistoric life of New Zealand. 
Christchurch, New Zealand, Canterbury University Press. 
Worthy TH, Tennyson AJD, Scofield RP, Hand SJ. 2013. Early Miocene fossil frogs (Anura: 








Appendix Two- Table S1. Samples of Leiopelma spp. used for the phylogenetic study. Includes modern tissue and late Quaternary fossil specimens. 
Fossil identification based on osteology and/or morphology only (note: fossils of extant spp. are either indeterminate or considered 
comparable to a particular taxon [e.g. NMNZ S.32662 was recorded by Worthy & Holdaway 1994 as L. hochstetteri/L. hamiltoni, 
hence indeterminate, whereas NMNZ S.38892 was recorded by Worthy et al. 2002 as L. hochstetteri]).  
 
Species Collection location 
Voucher 
information 
Age cal years BP 
(Present = 2016)  
Leiopelma archeyi Waipu, Northland, North Island WO 372/373(3)  
 Tapu, Coromandel, North Island OU Larc01 16 
 Whareorino, North Island OU Larc32 0 
 Hawkes Bay, North Island J. Wood X17/20.18 
 
Leiopelma hamiltoni Takapourewa/Stephens Island, Cook Strait OU Lham01 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham02 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham03 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham05 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham06 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham08 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham09 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham10 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham11 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham12 18 
 Takapourewa/Stephens Island, Cook Strait OU Lham13 18 
 North-west Nelson, South Island NMNZ S.23755 
 
 North-west Nelson, South Island NMNZ S.37241 17,499 
 North-west Nelson, South Island NMNZ S.39184 11,260 
 West Coast, South Island NMNZ S.27939 
 
 West Coast, South Island NMNZ S.28402 20,972 
 West Coast, South Island NMNZ S.43302 16,766 
 West Coast, South Island NMNZ S.43367 17,784 
 West Coast, South Island NMNZ S.43391 
 
Leiopelma pakeka Te Hoiere/Maud Island, Marlborough Sounds OU Lpak01 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak02 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak03 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak04 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak05 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak06 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak07 17 




 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak09 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak10 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak11 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak12 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak13 17 
 Te Hoiere/Maud Island, Marlborough Sounds OU Lpak14 17 
Leiopelma hochstetteri Brynderwyn, North Island Bry222 7 
 Brynderwyn, North Island Bry231 7 
 Brynderwyn, North Island Bry233 7 
 Stoney Bay, Coromandel, North Island CoroA340 7 
 Stoney Bay, Coromandel, North Island CoroA346 7 
 Port Charles Rd, Coromandel, North Island CoroA351 7 
 Kaipawa Track, Coromandel, North Island CoroB305 7 
 Papa Aroha, Coromandel, North Island CoroB310 7 
 Castle Rock, Coromandel, North Island CoroC353 7 
 Castle Rock, Coromandel, North Island CoroC354 7 
 Orewa Rd, Coromandel, North Island CoroC359 7 
 Tararu, Coromandel, North Island CoroD369 7 
 Kopu-Hikuai, Coromandel, North Island CoroD389 7 
 Kopu-Hikuai, Coromandel, North Island CoroD392 7 
 Wentworth, Coromandel, North Island CoroE295 7 
 Wentworth, Coromandel, North Island CoroE297 7 
 Wentworth, Coromandel, North Island CoroE299 7 
 Hunua, North Island Hun248 7 
 Hunua, North Island Hun262 7 
 Hunua, North Island Hun263 7 
 Kaimai, North Island Kai267 7 
 Kaimai, North Island Kai271 7 
 Kaimai, North Island Kai290 7 
 Golden Cross, North Island UO Lhoc01 21 
 Golden Cross, North Island UO Lhoc02 21 
 Golden Cross, North Island UO Lhoc03 21 
 Marertu, North Island Mar215 7 
 Marertu, North Island Mar218 7 
 Marertu, North Island Mar224 7 
 Maungatautari, North Island Mau126 7 
 Maungatautari, North Island Mau127 7 
 Maungatautari, North Island Mau196 7 




 Otawa, North Island Otawa02 7 
 Otawa, North Island Otawa03 7 
 Otawa, North Island Otawa04 7 
 Otawa, North Island Otawa05 7 
 Otawa, North Island Otawa06 7 
 Otawa, North Island Otawa07 7 
 Otawa, North Island Otawa08 7 
 Otawa, North Island Otawa09 7 
 Otawa, North Island Otawa10 7 
 Otawa, North Island Otawa11 7 
 Otawa, North Island Otawa15 7 
 Otawa, North Island Otawa18 7 
 Otawa, North Island Otawa26 7 
 Ranginui, North Island Ran192 7 
 Ranginui, North Island Ran194 7 
 Ranginui, North Island Ran195 7 
 Pukeamaru, North Island RauA74 7 
 Pakira, North Island RauA80 7 
 Haparapara, North Island RauB85 7 
 Haparapara, North Island RauB88 7 
 Waioeka, North Island RauC23 7 
 Waioeka, North Island RauC27 7 
 Waitakere, North Island Wai157 7 
 Waitakere, North Island Wai158 7 
 Waitakere, North Island Wai160 7 
 Whareorino, North Island Wha103 7 
 Whareorino, North Island Wha108 7 
 Whareorino, North Island Wha109 7 
 Waingakia, North Island Wngk01 7 
 Waingakia, North Island Wngk02 7 
 Waingakia, North Island Wngk04 7 
 Hawkes Bay, North Island CM AM46 2,771 
 Hawkes Bay, North Island NMNZ S.38892 17,053 
 Waitomo, Waikato District, North Island CM AM89 
 
 North-west Nelson, South Island NMNZ S.23137 
 
 North-west Nelson, South Island NMNZ S.23648 
 
 West Coast, South Island NMNZ S.27938 
 
 West Coast, South Island NMNZ S.41783 
 




 Otangaroa, Northland, North Island WO 374.1 
 
 Waipu, Northland, North Island WO 374(1) 
 
 Waipu, Northland, North Island WO 374(2) 
 
 Hukanui, Hawkes Bay, North Island NMNZ S.35881 1,089 
 Hawkes Bay, North Island J. Wood X17/19.11 
 
 Hawkes Bay, North Island J. Wood X17/19.12 
 
 Hawkes Bay, North Island J. Wood X17/19.13 
 
 Hawkes Bay, North Island NMNZ S.39514 17,053 
 Waitomo, Waikato District, North Island CM AM74 
 
 Pahiatua, Manawatu, North Island CM AM81b 
 
 Wairarapa, North Island NMNZ S.46447 1,470 
 Wairarapa, North Island NMNZ S.46593 3,111 
 Wairarapa, North Island NMNZ S.47294 1,470 
 Wairarapa, North Island NMNZ S.47296 1,470 
 North-west Nelson, South Island NMNZ S.25612  
 North-west Nelson, South Island NMNZ S.25729  
 North-west Nelson, South Island NMNZ S.32468  
 North-west Nelson, South Island NMNZ S.37240 17,499 
 Greymouth, West Coast, South Island NMNZ S.38771  
 West Coast, South Island NMNZ S.43366  
 Te Anau, South Island NMNZ S.46431 308 
Leiopelma auroraensis Te Anau, South Island NMNZ S.23413 1,472 
Leiopelma waitomoensis Northland, North Island NMNZ S.27816  
 Waitomo, Waikato District, North Island CM AM65  
 Waitomo, Waikato District, North Island NMNZ WO315.5  
 Hawkes Bay, North Island J. Wood X17/19.2  
 Hawkes Bay, North Island J. Wood X17/19.3  
 Hawkes Bay, North Island J. Wood X17/19.4  
 Hawkes Bay, North Island J. Wood X17/19.5  
 Hawkes Bay, North Island J. Wood X17/19.6  
 Hawkes Bay, North Island J. Wood X17/19.7  
 Hawkes Bay, North Island J. Wood X17/20.19  
 Hawkes Bay, North Island J. Wood X17/20.20  
 Hawkes Bay, North Island J. Wood X17/20.21  
 Hawkes Bay, North Island J. Wood X17/20.23  
 Hawkes Bay, North Island J. Wood X17/20.24  
 Hawkes Bay, North Island NMNZ S.35774  
 Wairarapa, North Island NMNZ S.46439  




 Wairarapa, North Island NMNZ S.46445  
Leiopelma spp. indeterminate Waipu, Northland, North Island WO 372/373(2)  
 Hawkes Bay, North Island CM AM83 
 
 Hawkes Bay, North Island NMNZ S.36532 
 
 Hukanui, Hawkes Bay, North Island NMNZ S.36568 
 
 Hawkes Bay, North Island NMNZ S.36657 
 
 Hawkes Bay, North Island NMNZ S.39366  
 Hawkes Bay, North Island NMNZ S.39408  
 Hawkes Bay, North Island J. Wood X17/19.1  
 Hawkes Bay, North Island J. Wood X17/19.8  
 Hawkes Bay, North Island J. Wood X17/19.9  
 Hawkes Bay, North Island J. Wood X17/19.10  
 Hawkes Bay, North Island J. Wood X17/20.14  
 Hawkes Bay, North Island J. Wood X17/20.15  
 Hawkes Bay, North Island J. Wood X17/20.16  
 Hawkes Bay, North Island J. Wood X17/20.17  
 Waitomo, Waikato District, North Island CM AM62  
 Waitomo, Waikato District, North Island CM AM63  
 Pahiatua, Manawatu, North Island CM AM81a  
 North-west Nelson, South Island NMNZ S.23159 15,620 
 North-west Nelson, South Island NMNZ S.23161 15,620 
 North-west Nelson, South Island NMNZ S.23650  
 North-west Nelson, South Island NMNZ S.23682  
 North-west Nelson, South Island NMNZ S.25638  
 North-west Nelson, South Island NMNZ S.26804  
 North-west Nelson, South Island NMNZ S.32662  
 West Coast, South Island NMNZ S.41788 5,343 
 Mt Nicholas, Queenstown, South Island CM 2017.3.214 1,413 
 Mt Nicholas, Queenstown, South Island CM 2017.3.215 1,413 




Appendix Three  
 
 
Figure S1. Radial phylogenetic trees generated by MrBayes for modern specimens of Leiopelma with 
corresponding Cytochrome b (mitochondrial) and Tyrosinase (nuclear) sequences (n = 108). The sizes 
of solid circles positioned at each node are proportional to the posterior probability of clustal support 









Figure S2. Date-randomisation test output for mean substitution rates (Y-axis) for a) clock rate 1 (first 
codon), b) clock rate 2 (second codon), and c) clock rate 3 (third codon). The estimates on the X-axis 





Appendix Five- Table S2. Microsatellite loci (n = 91) of extant Leiopelma spp. 
Species Locus ID Contig ID Motif Forward sequence Reverse sequence Allele size 
L. archeyi Larc22 Larc_8365 AC TTACGTCCTCAGCCATCACG CACACACCACTCCTGCATTC 91 
L. archeyi Larc21 Larc_14062 AC TGCAGAGCTGTGTGTGTAAC TGCACCCGTCATACAGTACC 102 
L. archeyi Larc5 Larc_43354 AAG CTTTCCCTTAACGGCAGTCAG CAGTGTGAACAACTAACATGGG 110 
L. archeyi Larc15 Larc_58851 AGC CTGATAGCTTGCTCTGGTTGG CTGCTTTGTCCTGCTCGTAC 112 
L. archeyi Larc14 Larc_55539 AG ATGGTTTGAATCTGCACCCG CGCAGGCAGGGAATGATATAC 127 
L. archeyi Larc4 Larc_41722 AC CCGTGGTGATGGTCCCAAAG TGGTCTATCTGCCAGTCAAGG 145 
L. archeyi Larc20 Larc_54102 AT TGTGACTTTCTCTCTGCACG AAAGCTGATCAACCAAGCCC 153 
L. archeyi Larc12 Larc_50269 AAT TGTAACACGCTCTTTGAACCAC GCACCTTCCGTTTCTATGCG 156 
L. archeyi Larc19 Larc_42253 AC ACCTTTGAAAGTGGCACTAAAC CCGGCCGATTCGAAACATTC 165 
L. archeyi Larc8 Larc_46251 AGAT CACACACCGCGTACTCCTAG GAAGACCTGAGAGTGTTGGAC 165 
L. archeyi Larc18 Larc_52425 AT ATGTGATGTACCCAGGACATAC AGGCCAACAAGAACCGGTAC 168 
L. archeyi Larc17 Larc_46061 AC CGCCACTCTAGTCCCACTAC CTGGTTTGATCCGTGTCAGC 170 
L. archeyi Larc16 Larc_52680 AG CAAAGGCAGGCTTGGGAC AGGAAGATAGAGGCAGGCAAG 173 
L. archeyi Larc13 Larc_54769 AT GGCAAGATGATCTATACCAGCC TGACGGCTCTCAGGATCATG 176 
L. archeyi Larc9 Larc_47931 AGCC TCAGCAGAATCGGACTCAGG TAAATGTGGCACGTGAGACC 180 
L. archeyi Larc10 Larc_47972 AC TTTGTGAGTTGTGGTGCCG CAGACAGCCTCTCTCCCATG 195 
L. archeyi Larc11 Larc_48328 AC TGTGGATCCAATATGCCTCCC GTTCCTCCAATCTGATCGCG 195 
L. archeyi Larc2 Larc_31627 AC GAACGGCTACAGGAGGAAGG AGGAGAAGGAGGCCAACAAG 210 
L. archeyi Larc3 Larc_363 AGG AAGCGGGCACTTAGACAGAG TGCTTTCTTACAGGCTGTGC 226 
L. archeyi Larc1 Larc_15131 AC CGGGTGCGATAACATCTGC CAGCATGAATCACAAACAGTCC 234 
L. archeyi Larc6 Larc_46002 AG AACCAAACGCTCTGCATCTG GCCTAGTGTTCTTGCGACTC 254 
L. archeyi Larc7 Larc_46178 ACAT CTTGTGCACGGCCCATTG TGCTTAGATAACGAGGGTGAGG 278 
L. hamiltoni Lham24 Lham_24146 AC CATGAAGACCCTTGCACTCAC AGGAGACAATCAGAGCAGGG 96 
L. hamiltoni Lham23 Lham_39922 AG CCTCTCACACGTCTGGTCTG TTGAGAGTGAGGGCTTGGAG 97 
L. hamiltoni Lham22 Lham_51988 AC TGTTGCTGCTTCCATCTCTC CAGTGGCTAGGCTGCTCC 111 
L. hamiltoni Lham2 Lham_15905 AT TCCTGAACCCGTAATCCAGG TATGGGTGGGAGAAAGTGGC 115 
L. hamiltoni Lham1 Lham_12839 AC TATACACACAAAGCCCTGCG TCACAAACAGTCCATGATGCC 121 
L. hamiltoni Lham6 Lham_39919 AC CATTGAAGATCCGTGGCTGC GCTTCATTTAGTGCACCCGG 125 
L. hamiltoni Lham9 Lham_45843 AT GGCTGGCTCCTAGATCCC CTTGAAAGTCCTTGGAGTGCC 132 
L. hamiltoni Lham21 Lham_32517 AG CTCTCCTTTGGTGCTGTCTC TCTGTGCCATTTGTAGTGGC 136 
L. hamiltoni Lham20 Lham_49718 AC GCATAAGACCTTGAGTGCCG TCTGCCCTGTAGTTCAATGAG 144 
L. hamiltoni Lham19 Lham_51629 AG CCACCATTACACAGCCATCC CTGGTCTCTCTGTACCCACC 145 
L. hamiltoni Lham15 Lham_9625 AGGC TCTTTCTGACCTGCCCACTC TGCTGCCAGGCTAGTCATAG 147 




L. hamiltoni Lham17 Lham_32251 AG GGAGAAGGACACGGAGAAGC GCACAATGCGGAGGAGATTC 165 
L. hamiltoni Lham16 Lham_23624 AG CACACCCAATGAACCCAAGC AATTTGTCGAGCACTGGAGG 177 
L. hamiltoni Lham12 Lham_55206 AAT TTGCTCCTGACATCGCTACC CCGCACCTTCCGTTTCTATG 184 
L. hamiltoni Lham14 Lham_57046 AC TAGACCCAAACTGCCCATCC GCCTGCGATAAAGTTGTTGC 190 
L. hamiltoni Lham8 Lham_45342 AT GGGCATCTAACTTTGAACCGG AGTTTGGCATGATATTTACGCC 199 
L. hamiltoni Lham13 Lham_56471 AT ACCATCAGTGCGGTCCTTG GTGAGGTGAGCACGGATATG 201 
L. hamiltoni Lham3 Lham_25453 AG GACTTGGTGGTGAAGAAATTGG TGCTGCTACTCCATGTCTCC 205 
L. hamiltoni Lham10 Lham_47244 AT AAACTGTAAACCTGCCTGCC TCCTATGGTTATCGGTGACACC 206 
L. hamiltoni Lham11 Lham_55142 AAT TCTGTAAACACCAATGCAGGG TCGCAAATTGGCTAAAGAGGG 216 
L. hamiltoni Lham7 Lham_42792 ACAT ACAAATCCAGGGACAGACAC AAATTGCACCGCCCATGAC 243 
L. hamiltoni Lham4 Lham_25874 AG CGCTGCACCACTTCCTTAC TTCTCAACCTGGCAGACTCC 254 
L. hamiltoni Lham5 Lham_3424 AG GCGAGGCCTTCAAATCTCAC ATATAGGGAGACTGCGGACG 324 
L. hochstetteri Lhoc44 Lhoc_22387 AC CATTCCCAACAAGCCCATCC GCCTGAAGAACTACAACTCCC 94 
L. hochstetteri Lhoc34 Lhoc_52385 AT CACATTGCCTTGTCCTTCCC GATTGTTGCCTGGAGTGCTG 105 
L. hochstetteri Lhoc40 Lhoc_64295 AC AACCCGTTAGTGTTTGCTGC GAGCTAAGAGACGTGTGTGC 126 
L. hochstetteri Lhoc43 Lhoc_59174 AT GCTTTCGTGCTCTAAATGTACG GCTTTATTTCAGACAGCGTGTG 137 
L. hochstetteri Lhoc42 Lhoc_19942 AC CTGTAGTCTTCAGCACCAGTTC GGACTGGAGTTGAAGAGCAC 143 
L. hochstetteri Lhoc38 Lhoc_57425 AG TCCCTATGCTGTCTTGGTGC TTTCACCCGCAGCGAATCC 146 
L. hochstetteri Lhoc29 Lhoc_33888 ACAT CTGTGAGTGCTGGAGTGAGG CCGCTGGGTCTTATCACTAC 152 
L. hochstetteri Lhoc36 Lhoc_53738 AT TGACTGAGGTGAGTGTGTCC CCCTTTACATGAGTGCCTGC 154 
L. hochstetteri Lhoc39 Lhoc_63726 AC CACACACCCTGCACTGTAAG TGGACTGTTGCATTTAGTGGG 166 
L. hochstetteri Lhoc27 Lhoc_22557 AT TCGCCAACTTCCTCACTGTG CATCCTGGCCTTGATTACCC 178 
L. hochstetteri Lhoc28 Lhoc_31965 AC ATGCATCTGACAGCATTCCC CACCCATTCATACCTCGCAC 183 
L. hochstetteri Lhoc37 Lhoc_55802 AGC CTCAAAGGCGGTCAGGAATG AGGTCAGAGAAAGATGTCCTGG 190 
L. hochstetteri Lhoc31 Lhoc_4137 AC TCTCTCTCTGCCACACCTTG AGAGAGGTGGAAGTGTGTGC 234 
L. hochstetteri Lhoc41 Lhoc_6675 AC ACATGGGCCGGTAGATTGTG TGCCGCATACATACAACAGC 279 
L. hochstetteri Lhoc32 Lhoc_41631 AC TCTCACTGGTGGCTGAATCC AGTATGAAGTGGGCTGACGC 290 
L. hochstetteri Lhoc30 Lhoc_35780 AG GTTCGTTGCAGTGGAGTACC TGCACAAGAATCTGTGGACAC 312 
L. hochstetteri Lhoc33 Lhoc_432 AG GCAAGCCTCTCTCTGTTAGC GAGGGAGACTGACAGCTAGTAC 369 
L. hochstetteri Lhoc35 Lhoc_53487 AC GGGATTCAGGACAAACAAATGC CTGTGTACACCGTCCTTGAC 370 
L. pakeka Lpak27 Lpak_6596 AC GCGTGTGTTATAGCAGTGGG ATCGCTGCTTTCATCTCCCG 92 
L. pakeka Lpak8 Lpak_48990 AGC TAGCCTTTCCTAACTGCTGC TCTACACTCACAAGCGCAG 103 
L. pakeka Lpak26 Lpak_41669 AT CCCGGACACCCAGATGATAG CTGAGTGCCGTGCTTTCTTC 105 
L. pakeka Lpak25 Lpak_61205 AT GCGAGATTGATTTGCGAGTAAC TCCATGGAGTGCTCGATACC 109 
L. pakeka Lpak12 Lpak_53024 AGC GTTCCAGGTGCAGCAACAAC TGTTTGTGTGAACCTTCCGC 115 
L. pakeka Lpak11 Lpak_52968 ACAT GACACCGAGGCGATTGTTTC CCCTGCTCTTCCATCCCTTC 118 




L. pakeka Lpak23 Lpak_36353 AC CCAGTGTGCTCGAATTCAGG GTTGGTGTGTGCGCGTAC 130 
L. pakeka Lpak14 Lpak_57760 ACAT CTCCATGAGCAACCAAGTGC GACAAGTCCAATGAGTGCTGG 132 
L. pakeka Lpak22 Lpak_59228 AC ACCCATCAGCTACGGTCAAC TAGGATGTGTGTGGGAAGGG 135 
L. pakeka Lpak21 Lpak_36234 AG ACCAGGTGTTGTCTCCCTATG ACCCAGAACTACTAATTCGACG 140 
L. pakeka Lpak7 Lpak_44673 ACTC GCTTGATTTGATCCGCCTGG CCCATCACACAGCTCTCTCC 141 
L. pakeka Lpak20 Lpak_53302 AG TCAAAGACCTCTCGAGTGCC AGTGATTTGTGAAGGGAAGGG 143 
L. pakeka Lpak19 Lpak_33071 AG CGAATCAGCAGTGTTCCGC CTCTCACAGCTGAAAGGACG 144 
L. pakeka Lpak18 Lpak_60880 AT GCATACCGGAAAGCGAAGAG CGAGTGCCTTGTCTTCGTTC 154 
L. pakeka Lpak15 Lpak_62041 AGAT TCTGGAGAGTAGCCACCAAG CTTCAAGACCTGTGAGTGCTG 158 
L. pakeka Lpak6 Lpak_41876 ACAG CTTTGACATGAGTGCCTCCC GCAGTACTGAGGGAGCTCTC 161 
L. pakeka Lpak16 Lpak_25668 AG CCCTCTCTCACATGCGCAC CTCACCCTGGCACCTAGATC 166 
L. pakeka Lpak17 Lpak_45 AG CTCTGTCGTGTCCTACCTCG ACCCTCCTCAGAAGACCAAAC 166 
L. pakeka Lpak5 Lpak_36332 AC AGGCAATACACAGTGAGCTC AGGTAAGCAGGCAGAAGAGG 176 
L. pakeka Lpak2 Lpak_20413 AG TCCCAATTCTCTGCCTACCC GAGACGGAGACAGCCAGG 187 
L. pakeka Lpak4 Lpak_35028 AC CAACTGTGCCTTTGTCTCAATG TCAGACGACATGATCAGGAGTC 193 
L. pakeka Lpak13 Lpak_57490 AAT ATGGTGGGATCAGAGGCAAG ACGCTGCGGAATATGTTGAC 198 
L. pakeka Lpak10 Lpak_52336 AC TGTGGCCAAGTTAAACTCCC TGTGTAAGCAGCAATAGGACAG 210 
L. pakeka Lpak9 Lpak_51288 AAT CTGCTCCTTCTGTTTCGGTG TGCATTATCTGTTCACTGCCC 247 
L. pakeka Lpak3 Lpak_2075 ATC AACAATAGGGCTACTGGTGC ACCTCTAGCGCACCTGAAAC 319 






Figure S3. Assignment of individuals to three genetic clusters of terrestrial Leiopelma spp. identified 
by Discriminant Analysis of Principal Components (the two axes explained 93.3 % of the variance). 
 
Appendix Seven – Preliminary result from a re-analysis of the spatially-explicit individual-
based model used in Chapter Five. This manuscript was submitted to Animal Conservation. 
 
 
Figure S4. Preliminary results of a re-analysis of allele retention in source (triangles) and founder 
(circles) populations (with low genetic variation, q = 0.2) after accounting for initial mortality in the 
translocated population at release. Shaded areas represent bootstrapped confidence intervals. This re-
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Running title: Modelling sustainable release numbers 
 
Abstract 
Translocated populations often share demographic, environmental, and genetic risks 
associated with relict populations. Models that predict translocation impacts on source and 
founder populations are therefore necessary to ensure that harvesting for release does not 
jeopardise either population. However, current models focus on maximizing the long-term 
persistence of genetic diversity in the founder population only. We therefore risk estimating a 
release number that is considered ‘appropriate’ for maintaining genetic variation in the 
founder population but is in fact detrimental to the viability of the source. This work 
determines how to establish a sustainable number of individuals for release by accounting for 
the potential loss of genetic diversity from the source population via harvesting, along with 
genetic drift and founder events typically associated with translocations. We developed a 
spatially-explicit individual-based model that simulated hypothetical translocation scenarios 
for the threatened New Zealand frog, Leiopelma pakeka, which was restricted to a single relict 
population on Te Hoiere/Maud Island (a.k.a. Te Pākeka) and has been heavily targeted for 
translocations over several decades. Population growth was simulated for source and 
translocated populations over 200 iterations, representing 200 ‘years’ across various initial 
population sizes from 20 to 300 frogs. These simulations also determined the probability of 
retaining a single allele within populations of high and low genetic diversity. Our results 
showed that regardless of genetic diversity, the harvest and release of 100–120 frogs enabled 
both source and translocated populations to maximize and maintain allelic retention in the 
long-term. Harvesting more than 120 frogs led to major declines in the viability of source 
populations. We recommend that future translocations of L. pakeka harvest no more than 120 
frogs from each of the sub-populations on Te Hoiere/Maud Island. Furthermore, we 
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Abstract: Conservation authorities face many challenges when performing translocations, not 
only balancing between stochastic and genetic risks, but also what constitutes appropriate 
management units. Although early studies recommended that the intermixing of genetically 
distinct entities should be avoided to prevent the loss of genetic distinctiveness and 
outbreeding depression, recent cases show that intentional hybridisation has benefited the 
conservation of managed taxa. In New Zealand, conservation authorities face this conundrum 
regarding endemic threatened Leiopelma frogs. Translocations of terrestrial Leiopelma spp. 
(L. archeyi, L. hamiltoni and L. pakeka) have been performed for decades, but no 
investigation into their genetic diversity has occurred. Moreover, researchers have suggested 
that the two rarest taxa, L. hamiltoni and L. pakeka, become synonymised. The aims of this 
study were to use microsatellites to evaluate the genetic diversity and population 
differentiation of terrestrial Leiopelma frogs. We found that terrestrial Leiopelma frog 
populations, like the semi-aquatic L. hochstetteri, have low genetic variation overall 
compared to anurans worldwide. The rarest taxon, L. hamiltoni, had surprisingly high levels 
of genetic variation relative to the other terrestrial taxa, but this was likely due to a temporal 
lag in genetic impacts given the longevity of Leiopelma frogs and different population 
bottlenecks histories. Leiopelma pakeka was virtually monomorphic at all targeted loci, 
therefore there was a minimal bottleneck signal between studied source and translocated 
populations. Allele fixation in L. pakeka likely explains their moderate differentiation from L. 
hamiltoni. The phylogeographical history of L. hamiltoni and L. pakeka, however, indicates 
that these taxa warrant Evolutionarily Significant Unit (ESU) and not distinct species status. 
Populations of L. archeyi also warrant treatment as ESUs. To maintain the adaptive diversity 
of terrestrial Leiopelma frogs, the establishment of a new hybridised population comprising 
separate ESUs should be considered, but there needs to be a thorough assessment of the risks 
involved. 
 
